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1. INTRODUCTION 
 
People will always have a desire to explore. Sure there is a little bit of danger in the 
unknown, but human beings can’t back away from something that is a challenge.  We are 
born explorers, empty vessels, curious and fascinated by the world around us. It is the 
human nature. Economically, humans seek always and without stopping beyond their 
needs, e.g. physiological needs, safety needs, health needs etc., eager to learn and full of 
curiosity and creativity. On achieving one need, they will rush after the other and they will 
never and by any ways be satisfied.  
 
Human beings start their life surrounded by surfaces: from their skin to faces, from 
skeleton to body internals, to the walls and streets of their homes and cities, to the images, 
books, and screens of our cultures and civilizations, to the natural world and what we 
imagine beyond. Nowadays, modern production processes require inherent state-of-the-art 
surface technologies. Furthermore, rising standards of technical products are creating the 
perception that surface technologies are often the central impetus needed for meeting 
product specifications. Design engineers thus face two essential tasks: On the one hand, 
part specifications need to be transformed into properties of materials and surfaces. On the 
other hand, selected materials technologies have to be integrated in the corresponding 
process chains. Apart from the required part specifications, production cost and ecological 
aspects and when it is related to the living organisms and people life then the 
biocompatibility are important issues. Controlling the bulk and surface properties of 
materials is a real challenge for bioengineers working in the field of biomaterials, tissue 
engineering and biophysics. In the field of implantable biomaterials, the bulk properties of 
materials are known to be important for the overall properties, especially for mechanical 
strength, but their surface properties have long been recognized as being highly important. 
The surface of the materials is an interface between the material and the host tissue, and it 
is able to trigger a wide variety of biological process.  
 
Considerable efforts are thus devoted toward functionalization of the surfaces of 
materials used in biomedical applications, i.e. typically metals, polymers and ceramics, in 
order to render them bioactive, that is able to trigger a specific cell response. Polymeric 
coatings appear especially interesting because of the diversity of the chemical and physical 
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properties they offer. For instance, polymeric coatings have been employed for the coating 
of stents. Natural biopolymers appear promising as biomimetic coatings, as a result of their 
natural similarity to human tissues. A lot of effort is thus dedicated to engineering new 
forms of biomimetic surfaces. Tissue engineering has grown as a field in its own: its aim is 
to use a combination of cells, engineering and materials. These together with suitable 
biochemical and physicochemical factors, improve the biological functions of damaged 
tissues (bone, cartilage, blood vessels, skin, etc.) or replace them.  
 
In the field of biomaterials, controlling the surface properties of the materials may 
be a means to influence cell behavior including recolonization, adhesion, migration or even 
differentiation. Therefore, various strategies have been developed to modify the materials’ 
surface properties, such as by Langmuir-Blodgett deposition and self-assembled 
monolayers. For the past two decades, layer-by-layer (LbL), also called polyelectrolyte 
multilayer (PEM) coatings, has emerged to become a new and general way to modify and 
functionalize surfaces whose applications range from optical devices to biomaterial 
coatings. The technique is based on the alternate deposition of at least one polyanion and 
one polycation. On account of their biocompatibility and non-toxicity, these latter films 
constitute a rapidly expanding field with great potential applications: preparation of 
bioactive and biomimetic coatings, preparation of drug release vehicles, buildup of cell 
adhesive or anti-adhesive films. Consequently, the versatility of the LbL method makes it 
an attractive technique for a number of areas including electrooptics, sensors and catalysis.  
In addition, with LbL natural polymers that are already widely used for biomedical 
applications including hydrogel preparation, soft tissue repair and viscosupplementation 
can now be prepared in the form of thin films and deposited onto various types of 
substrates. In vitro and in vivo studies have shown that some polyelectrolyte multilayer 
nanofilms are biocompatible, and may enhance adhesion and growth of cells like 
osteoblasts, [2] chondrocytes, [3, 4] myoblasts, [5] chondrosarcomas, [6] and smooth 
muscle cells. [7] Although there are several forms of LbL films (films, capsules and 
membranes), this work will focus on LbL supported films on a planar solid substrate, 
which is carried out using a solution dipping method. However, to understand and to tailor 
such interactions, it is essential to know about the fundamental physicochemical properties 
of the multilayer films. 
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The present thesis will focus on studies dealing with stable LbL films made of 
weakly charged hyperbranched poly(ethyleneimine) modified with oligosaccharides (PEI-
OS) in combination with natural polymers that can be used in the area of drug delivery. 
There is a need for low-cost ‘‘smart’’ coatings that balance the ability to release complex 
drug profiles with the flexibility of incorporation into a range of biomaterials. [8] Bioactive 
molecules that were effectively shown to have a biological effect and studies using model 
drug molecules will be mostly concerned. In this project PEMs with non-covalent affinities 
and with controlled tuning and targeting release properties for a modeling drug will be 
fabricated. By simply varying either the total number of layers deposited or the conditions 
used during the assembly process, the films can range from nanometers to few microns in 
thickness. In fact, it has been well documented that variation in such parameters as the 
concentration of polymers, their stoichiometric ratio, [9] their molecular weight, [10] the 
concentration of salt used in the adsorption and wash baths, [11, 12] and the time allowed 
for polymer adsorption, [9, 13] among other film properties, greatly influence the film 
thickness and stability. Depending on the type of PEs used the PEM growth regime in 
addition to PEM thickness with the number of LbL adsorption cycles are considered as one 
of the main factors in controlling multivalent probes load and release. In addition to 
number of cycles, in this study pH responsive weakly charged PEs will be also addressed. 
PEM’s assembly pH and immersion solutions with different pH values control the 
protonation degree of acidic or basic groups of weak PE, where they regulate charge 
density along the PE chains. Thus, these factors are influencing PEM conformations and 
mutual interactions. 
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2. THEORETICAL BACKGROUND 
 
2.1. Dendritic polymers and their applications  
2.1.1. Dendrimers and hyperbranched polymers topology: a promising class of 
materials 
 
The architectural parameter of branching introduces new physical properties and 
levels of control not possible in strictly linear polymers.[14] Recently, much interest has 
been given to highly branched polymers such as perfectly branched dendrimers (Scheme 
2-1), [15] and randomly branched hyperbranched polymers (HBPs) (Scheme 2-2). The 
term dendritic must be clarified: dendritic means highly branched tree-like structures and 
cover both, (i) dendrimers as well as (ii) HBPs but also other highly branched or fractal 
molecules. The well-defined dendrimers will be firstly presented.  The term dendrimer was 
created by Tomalia et al. [16] in 1985 from the greek words dendros. It means tree, and 
meros, which means part.[16] Dendrimers are polymers, which are highly uniform, 
monodispers, three-dimensional and globular in shape and their outer scaffold possesses 
high numbers of reactive functional groups. They are perfectly branched molecules 
prepared in a step-wise manner with the potential to come close to structural and molar 
mass uniformity. 
 
Figure  2-1. Schematic represents the configuration of tri-functional dendrimer of 
generation 3. Adapted from Reference [17] 
 
Their molecules are composed of repeating units emanating from a central core. 
The core is characterized by its functionality, which is the number of chemical bonds 
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through which it can be connected to the external parts of the molecule. Through the bonds 
of the core, the layers are attached to the core and each of these arms is terminated with the 
multifunctional branched unit (Scheme 2-1). [18] They are so attractive because of their 
perfect structure , exact molar mass and all the possibilities to mimic very complex 
molecules as found in nature, but at the same time the synthesis of high generation 
dendrimers without any defects can be considered one of the major challenges in organic 
chemistry (Scheme 2-1). [19] Compared to well-defined dendrimers comes the HBPs, 
which possess highly random structures, imperfect branching but also globular shapes as 
dendrimers (Scheme 2-2).[20] HBPs are prepared in a random one-pot synthesis from 
monomers having branching potential, e.g. AB2 based, but with low control over structure 
and molar mass (Scheme 2-2). Synthesis of HBPs might not be trivial but certainly 
feasible. [19] 
 
 Scheme  2-1. Schematic representation of a HBP by AB2 monomers exhibiting linear (L), 
dendritic (D) and terminal (T) units as well as one unreacted A functionality as focal unit.  
[19] 
In experiments, due to the ‘’one-pot’’ synthesis technique, HBP are usually 
polydisperse systems with different topologies and molecular sizes. [21, 22] To distinguish 
perfectly branched dendrimers and randomly HBPs a common value is the so called degree 
of branching (DB).  The DB was initially stated by Hawker et al. (Eq. 2-1), [18] and 
refined by Hölter et al. (Eq. 2-2).[23] The degree of branching represents the percentage of 
the three possible connectivities, dendritic (D), linear (L) and terminal monomers (T), 
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among the total monomers in the polymer; from an AB2 random polymerization, it is 
defined as:  
                                   B() =
	
	

	
	
	

                      Eq. 2-1 
If conversion of A is high, D ≈ T, the formula is reduced to the more widely used equation: 
 
                            B() =
	

(	
	
)
                      Eq. 2-2 
Where D is the number of fully branched units and L is the number of partially reacted 
units. [23]  Eq. 2-1  is  only  applicable  to  high  molecular  weight  HBPs,  Eq. 2-2 
represents  an  universally  applicable  formula  for  low  and  high  molecular  weight  
HBPs. [23] By definition, a linear polymer has no dendritic segments and DB equals zero. 
In contrast, dendrimers exhibiting perfect branching have no linear segments and therefore 
DB equals unity. Since HBPs have both linear and dendritic units, a reliable analytical 
method must be sought to measure the relative concentrations of these units to calculate 
their DB which falls in the architectural continuum between linear polymers and 
dendrimers. [24]  
 
2.1.2. Hyperbranched polymers properties and applications 
 
In this section, we would like to focus purely on HBPs. In this part we will navigate 
with the most famous properties and applications for HBPs. There are several advantages 
of HBPs over traditional linear polymers and we are going to illustrate some of them: 
 
 They are highly reactive due to the large number of functional end-groups. 
 Their viscosities are significantly lower than those of traditional polymers due to 
the lack of chain entanglement and higher degree of branching. 
 Their polarities and solubility can be adjusted by their functional end groups and 
selective solvent. 
 Their highly defined globular structure allows them to serve as branching scaffolds 
for other architectures. [25, 26] 
 
Since HBPs possess high numbers of functional surface groups their properties with 
regard to, e.g. solubility, compatibility, reactivity, surface adhesion, self-assembly, 
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chemical recognition or luminescence properties can easily be adapted. Additionally their 
high thermal stability, low solution and melt viscosity allow efficient large scale 
production. This makes them suitable candidates for industrial applications such as 
dispersion agents, rheology modifiers or as cross linkers in elastomers, since here their 
broad molecular weight distribution does not harm their performance. [20]  Due to their 
unique and easy synthesis, HBPs have a wide range of potential applications. HBPs and 
their substitutes can be used as nanomaterials for host guest encapsulation, [27] fabrication 
of organic-inorganic hybrids, [28, 29] and nanoreactors. [30, 31] Due to a large number of 
functional groups and interesting optical, electrochemical biology and mechanical 
properties of HB molecules, patterning of HBP films are receiving increased attention. [32-
34] Due to their high solubility, low viscosity and abundant functional groups, HBPs have 
been used as the base for various coating resins, [30] including powder coatings, [35] 
flame retardant coatings, [36] and barrier coatings for flexible packaging. [37] 
 
2.1.3. Hyperbranched poly(ethyleneimine) properties and applications 
 
Hyperbranched polyethyleneimine (HPEI) is an amine-functional HBP with a 
globular, dendritic-like structure and branching degree of 66-75% (Scheme  2-3). It is a 
clear viscous liquid. [38] HPEI is a well-known functional polymer and its application 
fields are very wide. For example, HPEI has been used for a long time not only for various 
industrial purposes, e.g. flocculating agent, thickeners and dispersion stabilizer, but also in 
biomedicine application, such as gene transfer processes. [39] Furthermore, HPEIs have 
also been utilized in quantum dot nanocomposites, [40] as unimolecular inverted micelles 
for anionic dye encapsulation [41] and catalyst support. [42-44] HPEI adsorbs strongly on 
the silica surface and causes a reversal of the electroosmotic flow (EOF) due to its 
positively charged surface. It can modify the separation selectivity of small and large ions 
and can mask the silanole groups and as a consequence this can lower the EOF and 
eliminate analyte-wall interaction. [38]  
 
Among the total non-viral gene vectors, HPEI with high transfection efficiency has 
bright prospects in application. [45, 46] However, HPEI is not fit for keeping on gene 
expression, [46, 47] due to its serious cytotoxicity. [48-50] Actually, the transfection 
efficiency and cytotoxicity are almost antagonistic. PEI with molecular weight including 
e.g. 25 kDa, 800 Da or less displays a low cytotoxicity and transfection efficiency.  
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Scheme  2-2. Structures of hyperbranched poly(ethyleneimine) (HPEI). [38] 
 
In contrary, PEI with higher molecular (up to 750 kDa) weight shows higher 
transfection efficiency and cytotoxicity. Investigators attempt to make some modification 
against PEI properties. Up to now, PEI has been modified with chloroquine, [51] 
cyclodextrin, [52] polyethylene glycol (PEG), [53] folic acid (FA), [54] heparin, [55] 
hyaluronic acid (HA) and oligosaccharide decoration …etc. [56] The broad scope of 
modification contains also carbohydrates like chitosan, [57-59] galactose, [60-62] or 
mannose, [63] and others. [64-66] Appelhans et al. [56] have presented a rapid method for 
the development of the HPEI decorated with different oligosaccharide architectures (PEI-
OS) as carrier systems (CS) for drug and bioactive molecules for in-vitro and in-vivo 
experiments. [56]  
 
2.1.4. Sugar modified dendritic polymers and their applications 
 
Carbohydrates are the most abundant, easily accessible and cheap biomolecules in 
nature. Beside their potential uses as key chemical raw materials and energy source, they 
have been recognized to play a key role in a wide variety of complex biological processes. 
With functions similar to those of natural carbohydrates, synthetic glycopolymers are 
fabricated with specific pendant saccharide moieties, e.g. dendritic glycopolymers. [67] 
They are essential macromolecules that display many structural and functional features. A 
feasible and common strategy to overcome the cytotoxicity of cationic dendrimers or HBPs 
is surface modification. However, amidation, [68] pegylation, [69] or the derivatization 
[70] with fatty acids have proven to reduce the cytotoxicity. Another proper way to achieve 
biocompatibility is the decoration of their surface with mono- or oligosaccharides. The 
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latter, however, has not only shown to decrease cytotoxicity, but also to introduce further 
interesting features in these delivery systems.  
 
Dendritic glycopolymers are considered to be the results of the attachment of 
different kinds of mono- or oligosaccharides to synthetic dendritic scaffolds by means of 
different diving forces and interactions. Dendritic glycopolymers have been developed as 
potential multivalent agents in the field of glycomics.[71] Some biological interaction 
studies and applications for glycopolymers, for example, in antivirus/bacteria, scaffolds for 
tissue engineering and gene/drug delivery are investigated. [60, 66, 72-74] Interfering as an 
anti-adhesion drug, like toward viruses to minimize infection diseases, is also numerously 
investigated. [75-79] There is a huge potential for glycopolymers as a multifunctional 
macromolecules nowadays in many other applications like in that of the optical 
biomarkers, [80] for the stabilization of metal clusters and nanoparticles , [81, 82] and their 
use as potential anti-prion agents.[80, 83] Thus, the results indicate that these dendritic 
glycopolymers are promising and attractive candidates for biomedical applications. In this 
study, HPEI decorated with different oligosaccharide architectures has been used. The high 
potential of HPEI as a gene carrier lays in the fact of possible protonation of every nitrogen 
atom in the polymer structure.  Therefore, HPEI  possesses  a  high  cationic charge  
density  and  can easily  interact  with  negatively  charged  nucleic  acids forming  
complexes.   
 
The biggest problem is, however, the cytotoxicity of HPEI polymer. In 2009, Dr. 
Appelhans’ group, [56] (Leibniz-Institute für Polymerforschung Dresden e.V.) has 
intensively studied the introduction of various oligosaccharide architecture (of low and 
high molecular weight) in the outer sphere of PPI and HPEI. In contrary to PPI-OS 
dendrimers, the PEI-OS macromolecules possess imperfectly branched structure.  For the 
generation of various oligosaccharide substitution degrees, they established an easy one-
pot approach on the HPEI surface. Sugar moieties were covalently bonded to the primary 
and secondary amines of HPEI by reductive amination reaction. This is considered as a 
first step toward the development of novel dendritic core-shell architectures as nanocarriers 
which allows the formation of H-bonds, electrostatic interactions as well as hydrophobic-
hydrophobic interactions. The HPEI offers primary amines (terminal units T) and 
secondary amines (linear units L) that can be transferred to the tertiary amines (dendritic 
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units D) (Scheme  2-4). Appelhans et al. [56]  distinguished between the three different 
groups with regards to their structure and the degree of substitution.  
 
Scheme  2-3. Schematic presentation of PEI decorated with different oligosaccharide 
architectures forming different structures A-C. Adapted from reference [56] 
Abbreviations: Sugar units: r = reductive unit; m= middle unit; t= terminal unit  
Branching units:  L= linear unit; T= terminal unit and D = dendritic unit.   
 
Three different structures of PEI-OS have been fabricated as follows (Scheme  2-4): 
(i) Structure A: It is characterized by its dense decorated and closed organized 
oligosaccharide shell with preferred D units.  
(ii) Structure B: PEI surface with preferred L units in the outer shell. It has  a  lower 
degree of  functionalization  and  less  secondary  amines  converted  to  tertiary  
amines,  and  could  be  obtained by utilization of low PEI:sugar ratio (1:0.5). 
(iii) Structure C: PEI surface with a combination of nonconverted T units and L units. It  
presents an open sugar shell  with  free  primary  amines  in  comparison  to  
structure  A  and  B  where  at  least  all  primary amines were converted to 
secondary amines. It could be obtained by utilization of PEI:sugar ratio (1:0.2). [56] 
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Recently, several papers and reviews have addressed sugar modified polyethylene 
structures. In 2010, Richter et al. [84] used maltose-decorated HPEI (PEI-Mal) and already 
fabricated a stable crosslinked film. The film thickness was varied from 63 to158 nm (in 
dry state) and from 78 to 395 nm (in swollen state). A phosphate containing drug was 
assumed to act as model drugs (ATP, AMP, CTP, and CMP). The film thickness of the 
swollen film was directly reduced after the addition of the triphosphate containing drug 
(ATP and CTP) and increased in the presence of monophosphate containing drug (AMP). 
[84] These surprising results were attributed to the high electrostatic interaction between 
the triphosphate drug and the core/shell of the PEI-OS.  
 
In 2012, Szulc et al. [85] have obtained physiological nucleotide-dendrimer 
complexes under different conditions (incubation time, salt concentration and pH). In this 
context, it has been shown that binding of sugar residues to a dendrimer/hyperbranched 
surface decreases dendrimer/hyperbranched toxicity. Thus, such a modification improves 
biocompatibility of PPI dendrimers and HPEI. They have examined the fourth and the fifth 
generations of cationic PPI as potential anticancer drug carriers. PPI dendrimers with 50% 
of primary amino surface has been fabricated after being modified with maltose sugar 
moieties. Physiological nucleotides (AMP, ADP and ATP), that are metabolites of 
nucleoside analogues, have been used as an anionic couterion and model molecules. 
Stability of complexes against enzymatic degradation and different medium conditions has 
been checked. Therefore, they claimed that the drug could be delivered to the cell in an 
active phosphorylated form without a need to be activated in vivo by kinases. Moreover, 
PPI-m dendrimers possessing many surface groups can serve as a platform for attaching 
cancer-specific targeting ligands which selectively bind to receptors that are expressed on 
the surface of cancer cells.[85] 
 
In 2012, Polikarpov et al. [86] have fabricated a multicompartment hydrogel 
hosting dendritic glycopolymers as a potential multirelease system in which pH-dependent 
sequential release of drug and dendritic carrier molecules from the hydrogel can be 
induced. Alternatively, a simultaneous release of drug molecules and nanocarriers from the 
hydrogel was also possible by adjusting the pH and hydrogel structure. Essential for the 
success of this concept was the design of the dendritic nanocarrier which in this case was 
HPEI decorated to a different degree of modification by maltose units (PEI–Mal with 
structures A–C (Scheme  2-4)). They evaluated in detail the complexation capacities of 
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these structures towards ATP as the model drug. PEI–Mal macromolecules, themselves 
were incorporated in anionic hydrogel to host anionic ATP molecules governed by non-
covalent interaction. The uptake and release for ATP was dependent on the dendritic 
glycostructure and was pH responsive. They investigated that the uptake of ATP has 
altered the properties of PEI–Mal, e.g. the surface charge changes and thus, in the case of 
structure C immediate precipitation occurs during ATP uptake. In addition, ATP 
aggregations have been investigated after being loaded to PEI-Mal compartments. They 
postulated two different types of interactions between ATP and PEI-Mal.  (i) Firstly, a 
strong electrostatic interactions between the positively charged PEI core and the anionic 
ATP. (ii) Secondly, weaker hydrogen bonding through the maltose shells. It was found that 
selective pH-dependent release of ATP from the multicompartment release system was 
possible assuring that the nanocarrier macromolecules will not simultaneously escape with 
the drug molecules from the hydrogel. A selective release of ATP at pH 5.4-7.4 has been 
achieved when a boronic acid (BA) containing hydrogel was used. These results were due 
to the strong boronic acid–maltose complexes formed at pH 5.4 and 7.4 in the hydrogel 
and the presence of chemical binding between the maltose units from the dendritic 
glycopolymers and BA units in the hydrogel. Switching to pH 2, the borate bonds are 
hydrolyzed leading to simultaneous release of PEI–Mal carrier loaded with ATP. However, 
when using a hydrogel without being crosslinked with BA units, a simultaneous release of 
ATP and the dendritic glycopolymers scaffold out of the host hydrogel has been observed. 
[86]  
 
In 2014, Tripp et al. [87] evaluated the general interactions of dendritic core-shell 
glycolarchitectures, using PEI-OS as the core component, with neutral, cationic and 
weakly anionic biologically active analyte molecules in aqueous solution and compared the 
complexation capability with the parent HPEI. Ultrafiltration experiments have been 
carried out by using an aqueous solution of the relevant PEI-OS and the different analyses 
in a molar ratio of 1:10.  The uptake measurements were calculated after 3 hours and 20 
hours. This study elucidates that independently on the size of the core used, whether PEI-
5k or PEI-25k core; oligosaccharide architectures can increase the complexation capability 
for the analyte/drug molecules. The degree of complexation is greatly influenced by the 
density of the oligosaccharide shell. On the other hand in the presence of high ionic 
interaction the minor priority is to the oligosaccharide shell density.  What was surprising 
in these results that parent HPEI exhibit weak interactions with all applied analyte 
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molecules. On the other hand, vitamins B1, B2 and B6 (neutral ionic state) also show weak 
interactions with most of PEI-OS (uptake capacity ≤ 20%). However, in case of vitamins 
B3 and B12, the estradiol derivative and the proteasome inhibitor pantoprazole showed 
strong and very strong interactions with PEI-OS (the uptake capacity ≥ 50-100%). It was 
concluded that in case of neutral or zwitter ionic state (B1, B2, and B6), weak interactions 
between the host molecule and the guest analyte were achieved. These results were 
attributed to the absence of the ionc/electrostatic interactions between host and guest 
molecules and the driving forces were only related to hydrogen bonds, Van der Waals 
forces or force of dispersion. In contrast, the anionic groups, i.e. carboxylate in B3, B12, 
the estradiol derivative and pantoprazole, allow for moderate or strong ionic interactions 
with the cationic amino groups of the dendritic PEI scaffold in PEI-25k and PEI-OS. 
Furthermore, the required electrostatic/ionic interactions with the PEI scaffold only 
become available with a suitable sugar shell, which leads to an expansion of the otherwise 
collapsed HPEI core. [87]  
 
2.2. Polyelectrolytes: definition, properties and applications  
 
Polyelectrolytes (PEs) are a particular case of charged polymers with acid or basic 
ionizable groups that in adequate solvents can be dissociated. This will lead to a polymer 
with a charged backbone plus its neutralizing counterions. When the dissociation is 
completed these PEs are called strong PEs while if the dissociation is only partial and pH-
dependent they are called weak PEs. Due to their particular physicochemical properties, PE 
systems are commonly used in industry for different and variable applications, and they 
also serve as an important generic study case for biological systems, since most 
biopolymers are PEs. [88] Electrostatic interactions between charges lead to the rich 
behavior of PE solutions qualitatively different from those of uncharged polymers. For 
example: 
(1) The crossover from dilute to semi-dilute solution regime occurs at much lower 
polymer concentrations than that in solutions of neutral chains. 
(2) There is a well-pronounced peak in the scattering function of the homogenous PE 
solution. The magnitude of the wave vector corresponding to this peak increases with 
concentration as c1/2. There is no such peak in solution of neutral polymers.   
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(3) The osmotic pressure of the PEs in salt-free solutions exceeds the osmotic pressure of 
neutral polymers at similar polymer concentrations by several orders of magnitude. It 
increases almost linearly with polymer concentration and is independent of the chain 
molecular weight in a wide range of polymer concentrations. This almost linear 
concentration dependence of the osmotic pressure together with its strong dependence 
on added salt demonstrates that osmotic pressure is mainly due to the counterion 
contribution. 
(4) PE chains in semi-diluted regime follow untangled dynamics in a much wider 
concentration range and the crossover to the entangled dynamics occurs further away 
from the chain overlap concentration than in solution of uncharged polymers.[89] 
 
PE chains at surfaces and interfaces represent an example of both two- and three 
dimensional PE solutions in which the local polymer concentration is controlled by 
interactions between adsorbing substrate and PE chains. As the surface charge density 
increases, the dilute solution of adsorbed chains transforms into a two-dimensional semi-
diluted solution. If the surface charge density increases even more, The PEs adsorbed 
layers will also increase in thickness. The new and unusual phenomenon observed in the 
adsorbed layers is the surface overcharging (overcompensation of surface charge) by 
adsorbed PE chains. The amount of surface overcharging can be tuned by varying the 
solution ionic strength. The charge inversion plays a central role in the layer-by-layer 
(LbL) deposition technique (Section 2.4.2). This self-assembly method has been 
introduced for fabrication of the molecularly layered multi-composite films with a high 
degree of complexity. The film growth is achieved by alternating the deposition of 
polyanions and polycations from their aqueous solutions. The simplicity of the electrostatic 
assembly technique with practically no limitations on the shape of charge bearing species 
allows fabrication of multilayer film (ML) from synthetic PEs, DNA, proteins, inorganic 
platelets, nanoparticles and viruses. 
 
2.2.1.  Applications of polyelectrolytes (PE) 
 
Polyelectrolytes have many applications, mostly related to modifying flow and 
stability properties of aqueous solution and gels. For instance, they can be used to either 
stabilize a colloid suspension, or to initiate flocculation (precipitation). PEs, like proteins, 
polypeptides and nucleic acids, play essential functions in human physiology and 
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metabolism. On the other hand, PEs have wide applications in chemical science and 
engineering, especially in colloids, surface, interface fields. For example PEs are used in 
the health and personal care industry as thickening reagents, [90] rheology modifiers, [91] 
and viscosity enhancers for shampoos, conditioners, deodorants and body lotions. [92] 
They are also used in water treatment, [93] waste treatment, [94]  sludge dewatering. [95] 
PEs are widely employed to modify properties of surfaces or of colloidal particle 
suspensions. They are industrially used in papermaking, mineral separation, or to control 
flow properties of particle slurries. [96, 97] Others PEs are commonly used as additives to 
control colloidal stability and adhesive properties of surfaces. [98] Additionally, they are 
added to many foods. Some of the PEs that appears on food labels is pectin, carrageenan, 
alginates, polyvinylpyrrolidone derivatives and carboxymethyl cellulose derivatives. [99] 
They are also used in a variety of materials, including cement. [99] Finally, water soluble 
PEs are used in the biochemical and medical engineering field, such as: implant coating, 
drug delivery system etc. 
 
2.3. Polyelectrolytes complex (PEC) 
 
Polyanion and polycation can co-react in aqueous solution and form polysalts; 
[100, 101] in a complexation process closely linked to self-assembly processes. [102] The 
interaction usually involves a polymeric acid or its salt with a polymeric base or its salt. 
Depending on the variety of factors, it may cause the system to separate into a dilute phase 
and a concentrated complex coacervate phase, or it may result in a more or less compact 
precipitate or gel. The dense liquid phase, which is relatively concentrated in 
macromolecules, is called the coacervate. The definition of “coacervation” refers to the 
metastable suspension of macroion-rich droplets. Bungenberg de Jong and Kruyt coined 
the name “complex coacervation”.[103] Complex coacervation is the separation of a 
macromolecular solution composed of two oppositely charged macroions into two 
immiscible liquid phases. 
 
The general conception is that the main driving force of complex formation is the 
gain in entropy caused by the release of low-molecular-weight counterions (Scheme  2-5). 
Then one can simply understand that electrostatic interactions are the main attractive 
forces, but hydrogen bonding, ion dipole forces, and hydrophobic interactions frequently 
play a significant role in determining the ultimate structures. The formation, properties and 
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applications of such PECs have been described in a large number of books and reviews. 
The properties of PECs are known to be influenced not only by the chemical composition 
of the polymers (molecular weight, stoichiometric ratio, charge densities …etc.), but also 
by secondary experimental conditions like the concentrations of the PEs prior to their 
mixing ratio, ionic strength of the solution, mixing order ….etc. 
 
Scheme  2-4. Simplified sketch represents the release of counterions upon PEC formation, 
due to gain of entropy forces. [104] 
 
The structure formation is mainly determined by the fast kinetics of the process 
(less than 5 µs, depending on , e.g. the concentrations of PEs and their molecular-mass), 
followed by a slower stage in which chains redistribute to a PEC conformation closer to 
equilibrium. [104]  
 
2.4. Adsorption of polyelectrolytes (PE) 
2.4.1. A brief historical overview of theoretical models of PE adsorption 
 
Adsorption of charged polymers on charged surfaces and interfaces is a classical 
problem of polymer physics and has been addressed under extensive theoretical and 
experimental studies for the last four decades. [105-107] Interest in this problem is 
stimulated by its tremendous importance for different areas of natural sciences ranging 
from materials science to physics of disordered systems and biophysics. One of the first 
analytical calculations of the PE adsorption at a charged surface was performed by Wiegel. 
[108] He investigated for PE chain in the direction of Gaussian statistics. Thus, he 
calculated the threshold adsorption and the thickness of the adsorbed chain as a function of 
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salt concentration. The binding of flexible macromolecules to the oppositely charged 
cylinder was treated by Odijk in a similar way. [109] The interaction between the charged 
monomers on the chain was taken into account by Muthukumar, [110] who considered a 
general case of the adsorption of PE chain that can take any conformation between those of 
a self-avoiding walk and a rod-like structures, depending on the ionic strength of the 
solution. This theory was later extended to PE adsorption on charged patterned surfaces, 
[111] and validated by Monte Carlo simulations. [111-113] The scaling theory of the 
conformations of a weakly charged PE chain near a charged surface was proposed by 
Borisov et al. [114] There are different stages of adsorption of a polyion corresponding to 
the rearrangement of chain conformations on different length scales. The predictions of the 
theory were confirmed by computer simulations. [115] The detailed interfacial properties 
of a lattice model for adsorption of a single PE chain were studied by Beltran et al. [116] 
using Monte Carlo simulations. It was demonstrated that PE chains flatten out forming 
long trains of loops upon increase in the surface charge density or in the fraction of the 
charged monomers on the chain. The Hoeve’s theory, [117, 118] for adsorption of 
uncharged polymers was generalized by Hesselink, [119] who incorporated the 
electrostatic contribution into Hoeve’s partition function of an uncharged adsorbed 
polymer and considered the total free energy of a system as a sum of electrostatic and non-
electrostatic terms. Assuming a step-like polymer density distribution in the adsorbed 
layer, Hesselink calculated the adsorption isotherm and polymer surface coverage as a 
function of salt concentration. The adsorbed amount rises very steeply and levels off at the 
saturation value in solutions with extremely low polymer concentrations. Hesselink’s 
theory predicts an increase of adsorbed polymer amount with increasing salt concentration. 
 
The significant fraction of theoretical works dealing with multi-chain PE adsorption 
on a charged surface was carried out within the framework of the self-consistent field 
(SCF) method. [120, 121] The polymer density distribution is coupled in these theories to 
the local electrostatic potential through the combination of the Poisson–Boltzmann 
equation and the Edwards equation describing polymer conformations in the effective 
external potential. This approach was first applied by van der Schee and Lyklema, [122] 
and Evers et al. [123] They have shown that strong repulsion between charged monomers 
leads to very thin adsorbed layers. The adsorbed amount increases and the adsorbed layers 
become thicker, if this repulsion is screened by adding salt. The extension of the Van der 
Schee and Lyklema theory to the case of weak PEs was done by Bohmer et al. [124] The 
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charge on adsorbed weak PE is determined by the pH and salt concentration in the local 
environment of ionizable groups. [124-127] 
 
2.4.2. Polyelectrolyte multilayer self-assembly 
 
Polyelectrolyte multilayers (PEM) can be assembled on charged surfaces by the so 
called LbL technology. As it was previously mentioned, the films known as PEM are made 
by alternating deposition of polyanions (negatively charged polymers) and polycations 
(positively charged polymers).  The first report of the  LbL technology dated back to 1966  
when  Iler  prepared  a  ML  structure  by  electrostatic  interactions  between  colloidal  
anionic and cationic particles. [128]  The technology was however not systematically 
established until 1990.  Decher  and  Hong  started  to  prepare  MLs  of  oppositely  
charged  PEs on  charged substrates. [8, 129-131]  
 
Scheme  2-5. Scheme of self-assembly of LbL film on a planar surface.[8] 
 
It is shown in Scheme  2-6 that when a substrate of a positive surface charge is 
immersed in an aqueous solution of anionic PE for several  minutes,  a  thin  layer  of  
polyanions  is  adsorbed  onto  the  substrate  and  the  surface  charge of the substrate is 
reversed to be negative. A polycation layer can be assembled onto this negatively charged 
surface in the same manner.  When this cycle is repeated, PEM is formed.  This  process  is  
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normally  referred  to  as  self-assembly  of  ML  films  based  on  electrostatic  forces  
between  oppositely charged PE. [132, 133] When a defined surface charge is achieved, no 
further polymers can be adsorbed. Hence, the self-limiting process leads to homogeneous  
and  well  reproducible  layers  of  defined  thickness  on  charged  surfaces.  Non-adsorbed 
PEs are removed in the rinsing step. 
 
 LbL technique possesses numerous advantages used for various purposes in 
academic researches, as well as industrial applications. Some of these advantages can be 
presented as follows:   
(1) The process is relatively inexpensive and one simply needs to dip a substrate into 
alternating positively and negatively charged PEs containing solutions to form uniform 
and stable layers.  
(2) The ML-assembly process employs a variety of water-soluble, charged polymers in an 
economical and environmentally benign aqueous process that produces finely-
controlled thin-films, applicable to a virtually limitless number of surfaces. 
(3) It is not specific to electrostatic forces. Thin film layers can also be held together by 
other types of non-covalent bonds, such as hydrogen bonds and hydrophobic 
interactions. [134] coordinate binding, [135], covalent binding,[136] charge transfer, 
[40] … etc.  This means that there are a variety of polymers to choose from when 
using the LbL technique, and we can choose the most appropriate method and material 
according to the conditions that are present in the problem. 
(4) Changing the pH of PEs will cause the charge of its solution to change, which is 
beneficial for some systems in which electrostatic interactions must be taken into 
account.  
(5) Variation of substrates: any charged material, e.g. silicon, gold, platinum, plastic, 
glass, quartz, stainless steel, nanoparticles, blood cells, colloid particle…etc., can be 
used as the deposition substrate. Even uncharged materials, like PTFE, [137] were 
reported as substrates.  
(6) Easy variation of the thickness: generally, the thickness of the monolayer is 
approximately 0.2 – 10 nm. Furthermore, the thickness of the monolayer can also be 
changed by varying the parameters of the solution, such as: pH, concentration, ionic 
strength and deposition time. Therefore, the thickness of ML thin film, which is 
composed of several monolayers using LbL technique, can be very precisely 
controlled by varying the deposited layer numbers and conditions. [130] 
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(7) There are other candidates that can be used besides PEs  for  the  LbL  film  assembly  
such  as  proteins, [138] nucleic  acids, [139] lipids, [140] viruses, [141] inorganic  
nanoparticles, [142] and organic  dye  molecules…etc. [143]  
 
2.4.3. Effect of the image forces and short-range interactions on PE adsorption 
 
The interaction of PEs and charged surfaces is an important phenomenon in 
industrial and biological processes. This section summarizes the current understanding of 
PEs adsorption to the oppositely charged solid substrates. To understand this phenomenon 
we have to discuss the influence of the substrates and their physical properties on the 
building up process. It is easily understandable that changing of the substrate for a given 
set of PE may have a strong influence onto the elaboration and the properties of the 
fabricated PEM. Since, differences in the very beginning of adsorption step, e.g. different 
substrate, may have significant repercussions in the further steps up to unknown growth 
levels .The first few bilayer depositions are influenced by short-range interactions between 
the substrate and the PEs. However the physical interactions between the substrate and the 
PEs can influence the ML morphology up to a thickness in the µm range. [144] Relative 
dielectric permittivity of the substrate and its surface charge are important factors that 
govern the surface morphology and must be identified.   
 
It was formerly assumed that the dielectric constant of the solvent ε1 and the 
substrate ε2 are the same. However, in many experimental situations, such an adsorption of 
PE chains from water onto clay, polymer latex particles or at the water/air interface, the 
dielectric constant of the solvent ε1 is larger than that of the surface ε2. [145] The presence 
of a charge in a medium (with dielectric constant ε1) near the surface (with dielectric 
constant ε2 ) causes polarization for both media. The result of this is the appearance of the 
image charge at the symmetric positions with respect to the dielectric boundary with 
magnitude: [146]  
                                     q =  q = 	∆q                                     Eq. 2-3 
Where q is the valence charge, the image charge q’ is located at the symmetric position 
with respect to the dielectric boundary. The magnitude of the image charge is defined by 
dielectric jump ∆ε between the solvent and the substrate. [89, 147] 
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Scheme  2-6. Schematic diagram shows the electrostatic forces acting on a positive test 
charge (charge 1) in proximity to a second positive charge (charge 2) and a negatively 
charged surface.  ε2 is the dielectric permittivity of the surface material, while ε1 is the 
dielectric permittivity of solvent. Charged surface exert short-ranged force on positive test 
charges (1 and 2), inducing image charges 1’ and 2’ on the surface of substrate. (A) For 
dielectric surfaces (ε2 << ε1), positive charges are induced on the substrate. (B) For metallic 
surfaces (ε1 << ε2), negative charges are induced on the substrate. [144] 
 
If the dielectric constant of the substrate is much smaller than that of the solvent (ε2 
<<ε1) (Scheme  2-7A), which is usually the case for PEs adsorption from aqueous solution 
onto polymeric and dielectric substrates, the magnitude of the image charge q’ is almost 
equal to the valence charge q. This leads to the effective repulsion of the test charge from 
the dielectric boundary. However, if the dielectric constant of the adsorbing substrate is 
larger than that of solvent (ε2>>ε1) (Scheme  2-7 B), the valence of the image charge is 
opposite to the test charge creating an additional attraction to the adsorbing surface. In 
other words, if PEs are adsorbed from an aqueous solution (ε1 ∼ 80) on a dielectric surface 
(ε2 < 10), the dielectric jump ∆ε is close to 1 and thus q’ has the same sign and nearly the 
same magnitude as q. Therefore, the probe charge experiences an electrostatic repulsion 
from the surface. However, for the adsorption to metallic surface (ε = ∞) the dielectric 
jump ∆ε is equal to -1. The image charge q’ has now the same magnitude but an opposite 
sign compared to q. One concluding point is that the repulsion between the charges is 
increased for dielectric surfaces (Scheme  2-7 A) and decreased for metallic ones 
(Scheme  2-7 B).  
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Besides electrostatic contributions, the forces between PE chains or between PE 
complexes are also influenced by Van der Waals-type interactions. These interactions are 
attractive, and usually described by a truncated-shifted Lennard-Jones potential. [148-150] 
Recent simulations on the buildup of PEMs show, that the strength of this is so-called 
monomer–monomer interactions. It is strongly influences the morphology of the PEM. 
[151, 152] For high values of the monomer- monomer interaction (in the range of the 
thermal energy) the simulations predict a dewetting of the PEs from the surface. For lower 
values of monomer-monomer interaction, dewetting process is expected to proceed by 
formation of small complexes. Such dewetting structures are usually described as islets, 
islands or droplets that cover the surface forming finally a non-continuous film. 
 
 This can be understood by recalling image charges induced on the substrate are 
effectively changes monomer–monomer interaction. For materials with low ε2 this 
interaction is reduced by increasing the electrostatic repulsion between PE chains or PE 
complexes (Scheme  2-7 A). This leads to formation of small complexes that repel each 
other and thus tend to cover a large part of the surface (dielectric substrates). For materials 
with high ε2 the electrostatic repulsion between the PE chains or PE complexes is reduced 
(Scheme  2-7 B) resulting in a dewetting process that resembles a collective dewetting 
process. Larger droplets with greater height cover less percentage of the surface (metallic 
substrates). Attraction to the negative image charges reduces the repulsion between two 
test charges, charge 1 and charge 2 (Scheme  2-7). It was investigated by Guillaume-Gentil 
et al. [144] that the nature of the used substrate has a strong influence on the morphology 
of the weakly interacted pairs (poly(L-lysine)/hyaluronic acid) (PLL/HA) MLs while it 
does not have an effect on the morphology of the strongly interacting polyelectrolyte 
couple (poly(allylamine hydrochloride/poly(sodium 4-styrenesulfate))(PAH/PSS) MLs. 
[144] 
 
2.4.4. Effect of precoating on the adsorption of PEM 
 
It is worth to mention that the good adhesion of the precoating to the base substrate 
depends on electrostatic interactions and ionic bonds. Therefore, the buildup of successive 
layers is mainly affected by type of substrate (Section 2.4.3), the precoating and type of the 
PEs themselves. [153, 154] Former investigation has been performed by Bosio et al. [154] 
, they investigated for ML regime with PEM pairing (PAH/PSS). They aimed to compare 
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silica surface force data by two different approaches. They studied the interactions between 
silica substrates coated with MLs both (i) with (Approach 1) and (ii) without (Approach 2) 
precoating layer of HPEI (Mw ∼25 kDa). They compared also between Approach 1 (after 
first 3 layers) and Approach 2 after reaching 9 cycles deposition, where the surface 
properties lost “memory” for substrate and start the true ML step.  
 
They observed that PEM with precoating layer yielded a bilayer of thickness 25Å 
(16 Å for PSS and 9 Å for PAH), this value was dramatically closer to the thickness of the 
first 5 bilayers fabricated without a precoating. AFM measurements also showed that PEI 
precoating approach is smoother and contains fewer irregularities and holes than the 
Approach 2 (without precoating).  While for ML fabricated with Approach 2, AFM 
measurements showed holes of hundreds of nanometres in size. These holes disappeared as 
the number of coating cycles increased. Such defects were not observed when using PEI 
precoating. They finally concluded that the presence of the PEI precoating enhanced a lot 
PEM fabrication and reduce the effect of short range force exerted by charged solid 
substrate on the PEM surface and bulk structure, even it enhances polyions complexes 
assembly. In addition to the previously discussed points, precoating also enhanced the 
attraction force toward substrate. [154] 
 
2.4.5. Basic law controlling the growth regime of LbL assembled PEM 
 
When ML films are built up with polycations and polyanions, their mass or 
thickness grows mainly either linearly [155-159] or exponentially [153, 160, 161] with the 
number of bilayers. The linear build-up in PEMs is usually observed after the nonlinear 
initial build-up. [162, 163] The linear regime can be realized as a steady state where the 
deposition of a PE, with a finite interpenetration range, generates a constant mass and 
thickness increment to the developing film (Scheme 2-8 a). The exponential build-up 
regime in the PEM assembly is actually a relatively common feature (Scheme 2-8 c).  
 
There are two mechanisms explaining the exponential buildup regime and may be 
explained as follows: 
(i)  Active surface: In this concept the nonlinear build-up is attributed to the continuous 
increase of surface roughness, isolated islands are formed at the beginning. The growth 
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rate is exponential because of the height and radius of the islands. Therefore this status 
leads to an increase in the physical surface area available for adsorption. [164, 165] 
(ii) Active volume: This concept can be realized as a certain part of a film that is capable 
of adsorbing the depositing polymer. This active volume concept corresponds to zone III of 
the PE zone model (Section 2.4.6). [162] The height of the active volume can be 
characterized in terms of the charge penetration length, defined by the theory of Schlenoff 
and Dubas, [163] in which the diffusion of PE in and out of the film can be realized such 
that the whole film acts as an active volume in which at least one of the polyions can freely 
diffuse.  
 
Scheme  2-7. Schematic presentation shows the internal PEM structure (a) linear PEM (b) 
linear-restructured (c) exponential PEM growth regime. Adapted from Reference [166] 
 
The general assumption is that linearly growing MLs are composed of intrinsically 
charged and compensated PE complexes. However, exponentially growing MLs are 
composed of both intrinsically and extrinsically charged compensated ones. This gives a 
higher density of complexation sites in case of linearly growing MLs than for 
exponentially growing ones (Scheme 2-8 a, c). [167] Therefore for  LbL  films  composed  
of  strong  PEs,  as in case of  the  combination  of  PAH /PSS, the  film grows  linearly  
with  the  number  of  deposited layers. [159] In contrast, combinations of most 
biopolymers like PGA/PLL, PEM grows exponentially. [168] In this model the polyions 
are not being kinetically trapped in the position where they have been deposited but 
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diffusing inside the film and this has been proposed by Picart et al. for explaining the 
nonlinear growth behavior.[160] 
 
Scheme  2-8. Schematic diagram shows (a) Growth profile showing a switch from 
exponential to linear growth regime. (b) Scheme of roughness model representing a 
coalescence of initially formed islands at the switch point during the PEM buildup. (c) 
Scheme of ‘diffusion’’ model representing a formation of restructuring zone (polymer 
diffusion is restricted) underneath the diffusion zone at the switch point. Adapted from 
Reference [166] 
 
Latter on there are a lot of other designed growing regime subtitled from the main 
growing regimes (Scheme 2-8 b, 2-9). In this part we will explain the growth profile, 
which consists of a mixture of the two parts, exponential and linear and how the 
transient/switching between both growth regimes occurs. The difference in the ML growth 
regime will be defined by the ratio between both parts. For linearly growing films the 
exponential part is short (switch is after a few layers or less) and sometimes cannot be well 
identified. In case of the exponentially growing films, the exponential part is larger and can 
be easy identified. But in some other cases the switching point from exponential to linear 
regime takes long (sometimes after the deposition of 18 bilayers). This switch might be 
due to two different models, either as mentioned above (i) the surface roughness model or 
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(ii) the diffusion model. (i) In the surface roughness model, surface is flattened after few 
deposition steps. This flattening is mainly presented due to the island’s coagulation. 
Therefore, this model may easily explain what so-called ‘‘substrate effects’’. (ii) The 
second explanation is the diffusion model. According to this model the switching from 
exponential to linear regime is due to the inability of certain polymers to diffuse into the 
entire multilayer. [167] 
 
It was found that the switch takes place sometimes, irrespective of contact time or 
molecular weight of the PE. [169]  In order to explain this result, a new model has been 
constructed which assumes a ‘restructuring’’ inner compartment with restricted polymer 
diffusion (so –called ‘forbidden zone) and a higher density (Scheme  2-9 c). This switching 
has been observed for PEM HA/PLL with PLL of high molecular weight (∼ 360 kDa). In 
contrast, the lower molecular weight PLL can diffuse and should keep the exponential 
regime, since the amount of free PEs within the PEM increases with increasing PEM 
thickness. Obviously, this is not the case all the time: Also short chains show a transition 
from exponential to linear growth (according to the diffuse model). There is still a lack of 
understanding. One idea is that the short PLL can diffuse out of the whole ML and form 
complexes with the oppositely charged HA outside the ML. [170] Another explanation is 
that PE chains are still mobile within the ML, but they cannot reach the surface due to an 
electrostatic barrier formed at the surface. [171] That would lead to overcompensation for 
one species than the other. [172]   
 
2.4.6. The three zone theory 
 
When  a  ML  film  is  composed  of  two  simple  PEs,  a  pair  of oppositely  
charged homopolyelectrolyte, the film can be subdivided into three distinct zones 
(Scheme  2-10).  Zone  I  is  comprised  of  one  or  a  few  polymer  layers  that  are  close  
to  the  substrate. Zone III (active volume) is comprised of one or a few layers that are 
close to the solution or to the air. In this zone, the multilayer is highly influenced by the 
interface to the solution or to air. Zone II represents the film in a range that is not 
influenced by either interface. Simply, Zone II (core zone) is neutral with constant 
properties similar to its PEC. It is charge compensated and thus can behave like a 
polyzwitterion. However, Zone  I  and  Zone  III are  charged  with  small  gradients  of  
excess  charges  and  neutralized  by  small  counterions. Therefore,  the  physicochemical  
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behavior  of  the  neutral  and  charged  zones  is  distinguishable  different.  It should be 
clear that the transitions between zones I and II and between zone II and III are gradual. 
The more layers are added, the more for zones I and III will preserve their respective 
thicknesses while zone II will grow in thickness. It should swell when exposed to salt or 
buffer solutions as the salt will break ionic bonds between polyions. In contrast, the layers 
in zone III should be charge compensated. This means that they should swell in pure water 
and collapse in salt solution owing to the screening of the electrostatic repulsion between 
charges of equal sign. [162] 
 
Scheme  2-9. The zone model of PEM films. [162] 
 
Ladam et al. [162] also investigated that both the substrate’s chemical influences 
and zone I are limited to a few nanometers (Scheme  2-10), after which their influence has 
totally disappeared and never been shown on PEM morphology and its physicochemical 
adsorption onto substrates. In contrary, it was also investigated by Guillaume-Gentil et al. 
[144] in 2011, that for PEM PLL/HA, the substrate has a strong influence on the 
morphology of PEMs. This influence is not limited to the first few bilayer depositions (nm 
range) as it has been expected from the three-zone model, but can be observed in PEM up 
to a thickness of 24 bilayers (µm range). [144] 
 
2.5. Relation between turbidity of PEs complexes in solution and PEM 
build-up 
 
The stoichiometry of water-soluble polyacids and polybases has an important role 
in the formation of PEM on the surface of the solid substrates. In a system containing two 
Increasing number of layers 
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oppositely charged polymers in solvent, exothermic interaction between the polymers 
results in phase separation. This produces diluted and concentrated phases, each containing 
both polymers.  
 
The concentrated phase usually contains a fixed ratio of polymers (often 1:1) 
regardless of the mixing concentrations, and may be a viscous liquid or a precipitate in 
strongly interacting systems. However, it has been already investigated that it is possible to 
predict qualitatively the possibility to deposit multilayers films at a given pH and ionic 
strength by just mixing a polycation and a polyanion solution to reach a ratio of 1:1 
stoichiometry of PE interactions. [173, 174] H. Mjahed et al. [175] have investigated that 
turbidity in PE solution is considered as a snapshot predictive process to building up 
PEMs. The prediction merely would require to mix polycation/polyanion solutions in 
different solution concentrations, pH or ionic strength and to follow if phase separation 
occurs. [175] 
 
Scheme  2-10. Schematic diagram represents the relationship between turbidity of PEs 
complexes in solution and the buildup of PEM films. Adapted from Reference [175] 
 
Simply one can understand that the formation of soluble complexes in solution is 
unfavorable to the deposition of PEMs. On the other hand the formation of insoluble 
complexes to a glassy state plays a critical role in the formation of PEM films. It is clearly 
obvious in Scheme  2-11 that after complexation if the solution turns immediately to turbid, 
this is a strong indication that the build-up of PEM films is possible under these conditions. 
When the solution remains transparent, particularly at high ionic strength, it means that the 
formation of soluble inter-PECs and the absence of complexation are thermodynamically 
PEM deposition 
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favored, which plays against the build-up of PEM films. This turbidity absence may be due 
to either the too strong screening ionic strength of the solution or the too low surface 
charge density of the contributed PE. This leads finally to the solubilization of the 
complexes, or a disappearance of the coacervate phase .[175] 
 
2.6. Kinetics of multilayer build-up 
 
The adsorption of each layer takes place simultaneously with complexation of the 
PEs, due to charge interactions between previously deposited layers. The level of inter-
digitation is determined during the adsorption process of each layer, assuming the internal 
chain in the ML to be immobile.  Movement of chains to the surface and a quick mass 
adsorption is the first steps of kinetics. [9, 176] In this case the rate of adsorption is 
controlled by the diffusion of PE coils. Rearrangement of chain takes place at the surface 
and mass adsorption continues at a slower rate until reaching saturation. [176]  
 
The second kinetic step involves chain rearrangement making the diffusion of 
chains into the areas of previously deposited layer possible. The irreversible complexation 
of charges is finally achieved by combining positive and negative PEs. [9, 177] The proof 
of the layer inter-digitation was experimentally concluded not only from the properties of 
the preformed MLs, but also is evident already during the formation process of the 
assembly. Kinetics and equilibrium properties influence the ML build-up. Rearrangement 
of slower chains allows for equilibration and adsorption of more chains. The flexibility of 
the final layers ensures the inter-digitation and thus the complexation. Finally, further 
adsorption is hindered by repulsive interaction, while the deposited amount in each layer is 
determined by the efficiency of the inter-digitation and complexation. In order to 
understand the fundamental physical properties of ML, leading to the strong response of 
PEMs to variation of external conditions, it is important to navigate in a short journey with 
the driving forces and key factors to control PEM internal structure. 
 
2.6.1. Driving forces and key factors controlling the growth of PEM 
 
The driving forces behind the deposition of MLs are the bonding between the 
incorporated polyions toward each other’s and toward the substrate. The bonding forces 
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depend on the nature of the polymers and on the physicochemical parameters used for 
deposition. The multilayer formation and the final internal structure is a complex balance 
between different types of interaction mainly categorized into two different types of forces: 
(i) electrostatic and (ii) non-electrostatic interactions that will be presented as follows: 
 
2.6.1.1. Electrostatic interactions 
 
The formation of PEM architectures is based on alternating deposition of 
oppositely charged PEs (polycations and polyanions) from aqueous solution to a solid 
support. [131] In principle, the adsorption of molecules, carrying more than one equal 
charge (negative for anionic and positive for cationic PEs), allows the charge reversal on 
the surface (Scheme  2-6). 
 
In many earlier papers the charge inversion after each deposition step is discussed 
as a precondition for PEM formation. This was the main reason for assuming that the 
electrostatic interactions are the main driving forces responsible for the formation and 
stability of PEMs. [178] This opinion was supported by the fact that mostly after each 
deposition steps the ψζ potential (electrical potential in the interfacial double layer) changes 
its sign, resulting in a kind of zigzag curve. [179] This experimental result is supported by 
the theoretical explanation of charge overcompensation, calculated with classical self–
consistent mean field theory.[180] The general idea is that during MLs formation 
complexes are formed between oppositely charged PEs leading to a release of small 
counterions. This would lead to what so-called ʻʻintrinsicʼʼ charge compensation connected 
with a very low counterion concentration within the film. In contrast to this, the charge 
compensation by small counterions is called ʻʻextrinsicʼʼ charge compensation (Scheme 2-
8). [145]  
 
On the other hand, the adsorption of oppositely charged PE layer leads to local 
charge neutralization. The apparent contradiction can be solved by the generation of an 
excess surface charge density used for the next adsorption step (so–called charge 
overcompensation). Thus, under the assumption that charge overcompensation is needed, 
effect of polymer charge density is crucial since a threshold charge density should be 
overcome for the formation of MLs. [181] However, recent measurements show that no 
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change in sign of the ψζ potential is necessary to form PEM and therefore, the driving force 
for the LbL assembly needs not to be electrostatic interaction and strongly depends on the 
investigated system. [182] 
 
2.6.1.2. Non-electrostatic interactions 
 
For simulations, a non-electrostatic short-range interaction between the charged 
surface and the polyions was needed to establish MLs. [183] Without that interaction, the 
formation of complexes in the bulk strongly competed with the adsorption of the polyions 
onto the charged surface. MLs have been deposited using various types of bonding forces 
such as ionic, hydrogen, donor acceptor, covalent, double layer force, short range force, 
Van der Waal force, DLVO and non-DLVO forces and stereo-regularity based… etc. In 
the following the effect of these non-electrostatic interactions is described. 
(a)Type of polyelectrolyte. The properties of PEs also affect the type of PEM growth 
regime and total thickness. The chain stiffness cannot be the only reason for the differences 
in ML thickness. It is assumed that the balance between hydrophobicity and hydrophilicity 
of the PEs plays an important role for the thickness. A certain degree of hydrophobicity 
seems to induce a stronger increase in MLs thickness. [184] 
 
(b)Type of counterions. The type of counterions also plays an important role in ML 
formation. Usually, the ions are chosen according to ʻʻ Hofmeister seriesʼʼ. Leontidis has 
summarized the properties of the ʻʻ Hofmeister ionsʼʼ in a comprehensive way. [185] 
Hofmeister ions are considered as small ions have a relatively small polarizability, have 
high electric fields at short distances, have a well-ordered large hydration shell (cosmotroic 
ions, water structure makers) and prefer to keep their water of hydration. On the other hand 
there are large ions, so-called chaotropic ions. These ions are large with a significant 
polarizability, a weak electric field and their hydration water can be easily removed. A 
very complex interplay of different contributions caused by ion-water, surface-water, 
surface-ion, PE-water, PE-ion and surface –PE has to be taken into account. [186] In the 
case of MLs a stronger coiling leads to an increase in thickness and roughness, comparable 
to the effect of increasing ionic strength or decreasing charge density. The effect of anions 
is much larger than the effect of cations, since the anions have a much larger difference in 
polarizability than typical cations due to the larger variety of their diameters. [187] 
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(c) Solvent effects. The interactions between PEs and solvent have a large effect on the 
conformation of the polymer both in solution and upon deposition onto the substrate. 
Solvation forces depend not only on the properties of the intervening liquid medium but 
also on the chemical and physical properties of the surfaces, e.g. hydrophilic or 
hydrophobic, smooth or rough, amorphous or crystalline (atomically structured), 
homogeneous or heterogeneous, natural or patterned, rigid or fluid-like. These factors 
affect the structure that confined liquids adopt between two surfaces, which in turn affects 
the solvation force. It is therefore often difficult to distinguish between a solvation force—
that is, one that arises from the intrinsic properties of the solvent molecules—and a surface 
force that depends on the properties of the surfaces or solute molecules.[188] 
 
 An excellent example for a solvent is water, while water is a high polarity solvent, 
it will still dissolve many PE. Solvents with poorer solvating, e.g. ethanol, methanol, effect 
on the ions, lead to a stronger ion-PE association, i.e. a stronger coiling of the PE chains. 
This is the reason for increasing ML thickness with increasing ethanol concentration, [9, 
189] and a decreasing conductivity of PE solutions (only free ions contribute to the 
conductivity). [190] 
 
(d) Hydrogen bonded multilayers. H-bonding interactions represent an alternative driving 
force for the LbL growth of ML. In H-bonding self-assembly, unlike electrostatic self-
assembly, the polymers are ʻʻvirtually unchargedʼʼ. But, it is possible to adsorb PEs onto 
surface coated with PEs of the same charge. 
 
2.6.1.3. Gain in entropy as main driving factor 
 
Actually, it is assumed that the most important reason for the multilayer formation 
is the gain in entropy due to the release of counterions. No charge reversion is necessary 
and the complexation between polyions is favored against charge compensation by small 
counterions (Scheme  2-5). At high salt concentration, there is a large local counterion 
concentration around the PE chain. Meanwhile gain in entropy still exists even at high 
ionic strength. In addition the electrostatic energy for charge compensation is reduced at 
high ionic strengths, since polymer charges can come closer. Both let the adsorbed amount 
increase at high ionic strength up to a certain salt concentration. Beside the facts mentioned 
above, gain in entropy explains also the effect of degree of charge. However, at very low 
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degree of charge the gain in entropy is not large enough due to a small amount of released 
counterions. [145] 
 
2.6.2. Effect of salt on PEM fabrication 
 
In aqueous solution the individual properties of the PEs are assumed to be covered 
by long ranged intra– and intermolecular Coulomb interactions between the electrical 
charges of the chain. [191] These expectations are based on mean field theories, such as 
the Poisson-Boltzmann formalism, which are routinely used in colloid science and 
computational biology. [188] Assumptions of this theory are: water is homogeneous 
continuum with a certain dielectric constant, ions are point charges and do not interact with 
each other forming continuous charge distribution. Since for objects suspended in water 
dissolved ions are always present, the interaction of charged bodies with the free ions 
profoundly modifies the nature of the electrostatic interaction. [192] In particular, the ions 
in an electrolyte have a screening effect on the electric field from individual ions. 
 
In pure water the charges on a linear PE chain repel each other due to Coulomb 
repulsion and therefore the chain has more expanded rigid–rod–like conformation. By 
adding salt, the polyelectrolyte chain intents to collapse to a more conventional 
conformation which is essentially identical to a neutral chain that is usually found to be in 
a random conformation in solution (Scheme  2-12). This results in a larger thickness and a 
stronger roughness of the adsorbed layers. [145] 
 
 
Scheme  2-11. Schematic representation presents the salt’s effect on the shape of a PE in 
solution. Addition of salt makes PEs contract into random coils. [145] 
 
Additional salt reduces the amplitude and the range of repulsive electrostatic force 
between equally charged chains or chain segments. The range of the electrostatic 
interaction is measured by the Debye length λ which is a function of the ionic strength. 
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For monovalent ions and water at 25 °C, the Debye length is given by the following 
formula, Eq. 2-3 is represented in Reference [193]: 
 
                                                     λ =	 .	√                                                        Eq. 2-3 
Thus even for relatively modest salt concentrations electrostatic effects are strongly 
screened. At physiological conditions (  I = 0.1 mol L-1) and for monovalent ions (z =1) the 
Debye screening length λ ≈ 1 nm.  This means that although the Coulomb interactions are 
long–ranged, at physiological conditions they are strongly screened above length scales of 
a few nanometers, which results from multi–body correlations between ions in a salt 
solution. [193] 
 
The Debye–Hückel approximation becomes progressively more accurate with 
increasing salt concentration and in the limit of zero salt; it is reduced to Coulomb 
interactions. When Debye screening length is less or equal to the diameter of water 
molecules surrounding the ion (0.3 nm), field theory is now not appropriate anymore, since 
it ignores molecular nature of the liquid and therefore Monte Carlo and molecular 
dynamics simulations become more meaningful. For more details see Reference. [194] 
Generally, the field theory breaks down at small distances, where it no longer faithfully 
describes the ionic distribution and forces between two surfaces. [188] Pure electrostatics 
predicts a flat PE adsorption onto an oppositely charged surface.  [195] Experimental 
studies show that the film thickness for some PEM systems increases with increasing salt 
concentration despite the fact that addition of salt into solution screens electrostatic 
attraction between the PEs and oppositely charged surface. [8] The type of the conterions 
profoundly affects the thickness of multilayers. Leontidis has summarized the properties of 
the ‘’ Hofmeister ions’’ in a well comprehensible way. [196] Small ions like F¯  and Li+ 
have a relatively small polarizability, high electric field at short distances. They prefer to 
keep their water of hydration. In addition, they have a well ordered large hydration shell 
(cosmotropic ions, water structure makers). Chaotropic ions like I¯  and Cs+ are large with a 
significant polarizability, a weak electric field and their hydration water can be easily 
removed (water structure breakers). Therefore chaotropic ions can interact more strongly 
with the oppositely charged PE than cosmotropic ions, leading to a stronger screening of 
PE charges related to stronger coiling, thicker ML thickness and larger roughness. The 
thickness and roughness of PEM increases in the order of: Li+ < Na+< K+ and F¯  < Cl¯  < 
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Br¯  (Scheme  2-13). Salomäke et al. have shown that the PEM (Poly (sodium 4-
styrenesulfate)/Poly(diallyldimethylammonium chloride)) (PSS/PDADMAC), which are 
prepared in the presence of different types of salt, increases in thickness according to salt 
type. [189] 
 
                              
Scheme  2-12. Representative sketch illustrates the effect of different counterions on 
multilayers’ thickness (d) (Hofmeister series). Adapted from Reference [145] 
 
To understand the counterions effect on the formation of PEM then the behavior of 
PEM deposited on a solid substrate , which is governed by the same physics as that of the 
corresponding complexes formed in the bulk systems, must be assumed. If equilibrium can 
be established, the existence of complex coacervates depends essentially on the ratio 
between the amounts of cationic and anionic polymers and on the ionic strength. A 
schematic stability diagram of PEM was suggested in 2002  by Cohen Stuart [197]   
(Scheme 2-14) which considers the effect of the mole fraction of positively charged PE 
species, F+, and the concentration of counterions (salt) (Scheme  2-14) (This stability 
diagram is essentially a cross section through the full (3-D) phase diagram, taken at 
constant total polymer concentration).  It is totally obvious that as the ionic strength 
increases as the region L become narrower, where non soluble complexes will be found. 
This is due to the screening effect done by the side of the salt ions, which leads to the 
complex weakness as mentioned above. Soluble complexes exist in L’ and L’’, where 
small fractions of F+ (region L’) is found, this means that this region belongs to the 
negatively charged soluble electrolyte complexes, however, for high F+ (region L’’) 
contains positively charged soluble complexes. Above some critical salt concentration 
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(depends on polyanions and polycations concentration ratio), the PEM is no longer stable 
and decomposed (region S). [198] 
 
 
Scheme  2-13. Schematic diagram represents stability diagram of an adsorbed multilayer 
consisting of oppositely charged PEs. The dependent axis represents the composition of the 
mixture given as mole fraction of cationic species F+. The independent axis represents the 
ionic strength or salt concentration Cs. L region (gray part) indicates the soluble 
complexes, G the glassy state, L‘and L’’ are the soluble PE complexes and in the S region 
no complexation occurs.[198] 
 
2.6.3. Responsive polyelectrolyte films  
 
One of the most important arguments is the pH responsive PEM that contain at 
least one PE respond to external pH. Formation of pores induced by pH has been 
experimentally demonstrated for both hollow weak PE capsules and weak PE films on a 
solid substrate. [199] For LbL films composed of at least one weak PE, reversible porosity 
can be created if the pH is shifted from the pH of preparation. [199] By that excess charges 
are created which increases the osmotic pressure in the film by adsorbed counterions. In 
consequence the water  content  increases,  the  film  swells  and  the  permeability  
increases.  The switching of permeability has been utilized for binding and releasing low 
molecular weight compounds such as dyes and drugs, [200] encapsulations of water 
soluble polymers and proteins. [201]    
1F+0
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Ccr
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Scheme  2-14. Proposed model of pH responsive PE and a partial collapse in the interfacial 
phase transition of the weakly charged polycation on a negatively charged dielectric 
surface after being protonated. Adapted from Reference [202] 
  
One other important point is the relation between PEM assembly pH values and its 
thickness. For weakly charged PEs, a sharp maximum in film thickness at intermediate 
charge density was observed. At pH 10 thick films can be build up and both towards lower 
and higher pH the film thickness decreases. A similar dependence on pH was predicted by 
theoretical models (Scheme  2-15). [202] A reason for the maximum could be that in the 
case of weak PEs, the polyanion is charged (fully ionized) in the basic regime and 
uncharged (partially ionized) in the acidic regime. For the polycation the opposite is true. 
[203] For instance, if the pH controlled charge density of the PE chains in the dipping 
solution is maximal, it is very low at the oppositely charged PE, which was adsorbed in the 
former deposition step. Moreover, changing in assembly pH could in a moment play the 
same role as counterion addition. [145] Thus, by varying the assembly pH for weak 
systems, the films can be prepared to be rich in the polycation, the polyanion, or to be 
relatively equivalent in both. This property is exclusive to weak systems because strong 
PEs tend to adsorb in flat conformations with very few unbound functional groups. [204] 
Notably, the rate of polymer adsorption is also found to be orders of magnitude faster when 
the charge density is low, which allows for efficient preparation of the films and more 
precise control over their composition, as well as their bulk and surface properties. [204, 
205] Therefore, in case of weak PEs an intermediate charge density is favorable for the 
formation of a multilayer system otherwise destruction or destabilization would be the 
result. The nature of this unprecedented control that can be exercised over the composition 
of weak PEM films consequently influences the range of accessible film thicknesses. 
Shiratori et al. and Salem et al. showed that dramatic changes in thickness of adsorbed 
layers can be induced by very small changes in pH of the dipping solutions. [206, 207] 
When the polymers are highly charged, unfavorable segment–segment interactions lead to 
- - - - - - - -
+ + + +
+ + + +pHd d
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extended chain conformations in solution and in the adsorbed state, hence the resulting 
films are relatively thin (Scheme  2-15). [205] 
 
2.7. Controlling the physicochemical properties of weak PEM through 
acid/base equilibria 
 
 Multilayer thin films prepared from weak PEs can exhibit a rich suite of 
anomalous physicochemical properties. One of the major factors that influence the 
properties of such films is the acid/base chemistry of the weak functional groups for PEs. It 
is worth to mention that the benefits of working with weak PEs for ML film applications is 
their ability to prepare films from the same two polymers, but with dramatically different 
physicochemical properties. This is in fact not only because of the change in the charge 
density of the polymer chains in solution but also by the fact how they adsorb onto the 
planar substrate. These changes in turn dictate the overall properties of the films. [12] For 
weak PEs, the change density is a function of their acid/base equilibria. In case of 
polyacids and polybases, the dissociation behavior of each functional group along the 
chain is affected by the dissociation behavior of its neighbors. [208] Intuitively, the 
apparent acidity of the weak polyacid decreases with the progressive ionization of the 
polymer because of the difficulty to remove protons from polyions with increasing charge. 
[209] In 1947, it was shown by Katchalsky and Spitnik that the acid/base equilibrium of 
the chains is described by a modified version for the well-known equation of Henderson-
Hasselbalch. [208]  
                            pH = pK%(%&&) − n log ,αα                                 Eq. 2-4 
 
Where the pKa(app) is an apparent dissociation constant that reflects the overall acid 
base/equilibrium of the PE chains, and α is the degree of dissociation. The parameter n is 
related to the extension of polymer chains, which is related to their charge density. The 
inability to generalize the acid/base equilibria tends for PEMs is attributed intensively to 
the increased complexity in the PE systems, whose chains experience an increase in their 
degree of secondary conformational ordering when incorporated into ML films. [208]   
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One of the most important investigations, which were done by Rmaile and 
Schlenoff was the incorporation of both weak and strong polyacid (PAZO) and polybase 
(PDADMA) during the PEM formation. [210] They found that the adsorption of weak 
polyacid chains in the presence of strong polybase in the film results in an increase in the 
acid/base strength of the weak polyacid in comparison to its dilute solution behavior. 
However, when the films were exposed to NaCl solution the pKa(app) of the adsorbed weak 
polyion chains shifted more back toward the dilute solution pKa(app). They hypothesized 
that the more salt is added to the solution, the more segments are charge-compensated by 
salt counterions, resulting in the over population of PE ion pairs and subsequently a 
reduction in the acidity/basicity of the weak polyions. Burke and Barrett investigated for 
multilayer films composed of the simple PEs, PAA and PAH. [200] They evaluated the 
influence of the total number of polymer layers in the film, the assembly solution pH and 
the salt concentration in the polymer solution on the pKa(app) of each polymer. In all cases, 
the polyacid became a stronger acid and the same was for the polybase. It became a strong 
base upon incorporation into the PEM. They also observed that pKa(app) values shift by 1-4 
pH units from their dilute solution values after being involved in the PEM formation.  
 
2.8. Stability and swelling dynamics of PEM of weak PEs 
 
Although much has been learned and debated regarding the main factors affecting 
the construction of polymer films using the LbL process, less attention has been given to 
their stability. One would expect the physicochemical parameters, e.g. pH and ionic 
strength...etc., affecting electrostatic interaction forces to alter both the binding of the film 
to the surface and the cohesion of the film. [133] The stability of single polymer layers 
remain unclear; that of multistep deposited films is even more ambiguous. Several papers 
have investigated the role of pH in PEM build-up, but few have addressed the effects of 
assembled pH in PEM stability. Dejeu et al. [133] have examined the stability of PEM 
fabricated with weak polybase PAH and strong polyacide PSS on silica interface. After 
construction at pH 9 in 10-2 M NaCl solution, PEM containing x bilayer depositions, where 
x was varying from 1-5 bilayers, was immersed in polymer-free solution at different pH 
values, between 4- 12. They subjected PEM to an immersion solution of the same 
conditions as assembly. All PEM with different number of layers were stable. They 
concluded for the stability of PEM (PAH/PSS), and more generally the stability of PEM 
consisting of at least one weak polyion, is strongly dependent on pH of assembly and 
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immersion surrounding. This is due to the determining influence of electrostatic bonds 
between the two polymers. There is a critical pH, above or below, PEM destabilization or 
destruction will be the result. They also concluded that there are two reasons for the two 
latter behaviors: 
(i) When one of the polymer charge densities becomes too low, the binding 
strength of the molecular aggregates is no longer sufficient and the film breaks 
(ii) When the charge of one polymer in the film decreases, the uncompensated 
charge of the other polymer creates a repulsive interaction between the 
molecules of that polymer, which induces a fast degradation of fabricated PEM. 
[133]  
 
PEM stability challenge appears in a direct relation with swelling dynamics. In the 
swelling process especially in case of counterion-free solvents, solvent enters PEM 
structure through pre-existing voids or through spaces that are formed by local segmental 
motion in the polymer network, which is followed by local relaxation of polymer 
segments. The swelling mechanism is then characterized by diffusion and relaxation times 
of the polymer. This process can be described as ‘void water’. [211] This case is identified 
when the rate of permeant diffusion is lower than the polymer segment mobility. In this 
process there is a continuous concentration profile in the film and a steady transport of the 
penetrant. [212, 213] In contrary, in case of physiological mediums, salt mediums…etc., 
true swelling will be created and leads to a highest increase in thickness. This process is so 
called ‘swelling water’. [211] In this process the rate of diffusion is much faster than the 
swelling-induced polymer relaxation. This swelling is characterized by a sharp interface 
between the swollen polymer and unswollen polymer that moves at a constant rate.[213] 
The swelling water is also explained by a reduction in complexation sites and densities due 
to the transition from intrinsic to more extrinsic charge compensation. [211] This transition 
is also called doping; the term doping is used to describe the thermodynamically reversible 
addition of extrinsic charge (counterions) to PEC or PEM by adding salt to the solution. 
[214] For PEM morphology, doping is rapid and reversible. [215] Doping also impacts 
properties such as bulk modulus, volume, adhesion (e.g. cellular adhesion) and PEM 
stability. If one of the PEs is a weak acid/base, immersion solution and assembly pHs also 
control doping. [214]  
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Shen et al. [216] have investigated weak/weak system, where polyanion was HA 
and polycation was PLL. PEM was fabricated under pH-amplified conditions, that is, with 
PLL (1mg mL-1) at high pH 9.5 and HA (3mg mL-1) at low pH 2.9. Both polyions are 
partially ionized in such pH values. No salt was added to PE solution and having an 
intermediated drying step per layer formation. Different MW of HA was investigated: 200, 
400, 1300 kDa. They examined the swelling and stability of their fabricated PEM in 
different physiological mediums, e.g. PBS and 1.0 M NaCl. HA deposition has enhanced 
PLL diffusion especially at higher MW of HA, and enhanced stability of the films was 
observed due to secondary interactions (hydrogen bonds) and intermolecular associations. 
Furthermore, the extent of film swelling in PBS was of the order of 400-600%, and 
notably, films ending by PLL were much more stable. They have observed that, PEM 
prepared with HA, MW= 1300 kDa, has better stability conditions than those of lower MW. 
PLL diffusion was found to be significantly faster in films made of higher MW of HA. 
Overall, HA’s MW, HA’s concentration and the nature of the outermost layer of the films 
are all important parameters contributing to film growth, internal cohesion, degree of 
swelling and stability in a physiological medium. [216] 
 
2.9. Stable therapeutic agents load-release PEMs 
 
Encapsulation of drugs or biomolecules and triggered release of the substance at 
desired time or location has high importance in biomedical applications.  Due to its 
versatility and ease of use, the LbL assembly technique has been under intensive 
investigation for drug and gene delivery applications. [217] Especially the development of 
responsive LbL materials has advanced significantly in recent years. Responsiveness plays 
an important role in many delivery applications, either for loading of therapeutics or 
controlled and triggered release. The LbL fabrication process would allow for the control 
of drug upload and release, as well as the control of the material’s mechanical properties 
caused by the thickness of the layers. [218] Due  to  the  special  properties  of   PEM,  they  
have  been  intensively  studied during the last 20 years for uploading  of various materials 
and their sustained or  controlled release by different triggers. PEM films that provide the 
sustained release of active biomolecules such as proteins, [219] peptides, drug molecules 
[220] or enzymes [221] from surfaces for local delivery have the potential to broaden the 
development of new delivery coatings for biomedical devices, regenerative tissue 
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scaffolds, and artificial organs. Substances of interest can be uploaded into PEMs by 
different strategies. [222] The most widely applied ones are:  1. Preloading:  cargo, 
analyte or drug model is one member of PEM components. Thus, the therapeutic agent is 
incorporated to PEM during PEM preparation. So far various substances such as drugs, 
proteins or nucleic acids have been successfully complexed or uploaded to PEM in this 
manner. [220, 223] 2. Postloading: the examined PEMs were pre-swollen first by being 
stored in Millipore water or PBS till reaching the stability, and then followed by the 
addition of guest molecule. Finally, the latter step is followed by a number of successive 
rinsing steps till reaching equilibrium. [84, 224] However, there are many different 
methods that have been investigated for controlled release of the active therapeutic agents 
out of the PEM. The most famous techniques is through changing permeability of the 
stable PEMs, [225] or by thin films hydrolytic degradation. [226] In case of the 
hydrolytically degradation, one of the polyions undergoes a controlled degradation and 
erosion, thus will be the main tuning factor for PEM content releasing. [219, 227-229] 
 
For stable PEMs as mentioned before, the main forces that stabilize LbL assembly 
systems are based on electrostatic interactions. [230] This makes such systems very 
sensitive to environmental conditions such as changes in the ionic strength of the medium, 
pH values or temperature, [221, 225, 231] and thus susceptible to disassembly. [230] The  
various  parameters  that  can  change  the  permeability  of  the  PEM  films  are  generally  
employed  for controlled  or  triggered  release  of  the  uploaded materials  at  desired  
conditions. [232-235] Stable load-release PEM structures have not been widely discussed 
in literature. One of the most important checking experiments for stable load-release PEM 
is cyclic loading and release. Jian et al. [236] have fabricated PEM (Poly(allylamine 
hydrochloride)/Polyurethane)10 (PAH/PU)10 and  (PAH/PU)10.5. To evaluate PEM stability, 
the reversible property of fabricated PEMs towards loading and release of Methylene 
orange (MO) was investigated. Totally 14 cycles of loading in pH 4.0 and releasing in pH 
9.0 were performed. They investigated that the absorbance fluctuated regularly with the 
successive loading and release of MO molecules in/out PEM (PAH/PU). They explained 
that PEM absorption efficiency to MO was almost unchanged after 14 times of loading and 
release. [236] 
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2.10.  Applications for polyelectrolyte multilayers 
 
The nanotechnology has brought revolution in the world by miniaturizing devices 
like computers, storage devices, displays, cellular phones etc. All these devices are based 
on the top – down fabrication techniques of the silicon industry. However, to further go 
down in the size scale of the devices, the bottom up type nanofabrication driven by self-
assembly has recently gained interest. LbL deposition technique provides a simple and 
versatile means of the bottom up fabrication process. The applications of the LbL based 
systems can be divided into mainly two groups such as (i) physical and device applications 
and (ii) chemical and biological applications. [237] 
 
LbL process offers a simple fabrication method along with great control over 
thickness which makes it attractive technique for modern device fabrication. Many 
applications such as solar cells, fuels cells, electrochromic devices, chemical sensors and 
semiconducting devices have been explored by LbL technique. Photoactive layer by layer 
films have been prepared by depositing semiconducting cadmium selenide (CdSe) 
nanoparticles onto polyelectrolyte multilayer films with the goal to develop devices with 
high light energy conversion efficiency, low cost and ease of preparation. [238] LbL 
method has also been used in preparing photovoltaic cells. A rhenium-containing PTEBS 
were deposited into thin films by LbL technique and their photocurrent responses were 
measured. Although the efficiency of the device was low, the layer by layer technique 
provided a simple versatile approach of preparing photovoltaic cells by solution process. 
[238] The LbL technique can prepare donor – acceptor films with precise molecular level 
control over the structure and energies of the active layers of photovoltaic cells. Fuel cells 
are another potential application which has been explored by LbL technique. [237] Optical 
chemical sensors have also been fabricated using layer by layer immobilization of a 
fluorescence indicator in the polymer. [239] Super-hydrophobic surfaces have been used 
for many applications like water repellency, contamination prevention, self-cleaning and 
antifouling. Biomimetic super-hydrophobic surfaces have been prepared by forming a 
rough surface on the smooth cellulose acetate nano-fibers using the layer by layer 
technique. [240] Antireflective and antifogging coatings have been prepared by assembling 
silica nanoparticles and a polycation by layer by layer technique. The surfaces formed were 
super-hydrophilic in nature. [241] The ability to design surfaces that can direct cell fate is 
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an important challenge in the field of tissue engineering and biomaterials. A PEM-based 
system is considered for a variety of applications, such as ion separation,[242, 243] drug 
delivery,[244, 245] encapsulation of enzymes, [246, 247] cell sheet engineering, [248, 249] 
antibacterial coatings,[250]  and a support for lipid membrane. [251, 252]  
 
2.11. Polyanions: their interactions, properties and sterical structures 
 
In this section, it was important to scope more light on polyanions under 
investigation and how they profoundly affect PEM building up, PEM growing regime and 
morphology. In this work two different polyanions of two different charge densities have 
been used. The strong polyanion, which is so called heparin sodium salt and the weak 
polyanion which is hyaluronic acid sodium salt.  In the following section their properties, 
their secondary conformational changes and their applications will be discussed in more 
details. 
 
2.11.1. Heparin polyelectrolyte properties, conformational changes, and  applications 
 
Heparin is classified as glycosaminoglycan, which is considered as an important 
class of polysaccharides. It acts as a strong polyanion and linear chain biopolymer, which 
contains functional groups of sulfate (-OSO3¯ , NHSO3¯ ) and carboxylate (-COO¯ ) (Scheme 
2-16 a). It has an average charge of -75 and an average molecular mass of 15,000-20,000 
Da. Heparin represents an attractive, but challenging target for scientific studies because of 
its structural complexity, including both microheterogeneity and dispersity. Heparin of 
antithrombotic and anticoagulant nature has been widely used to inhibit thrombosis for 
patients and prevent blood coagulation in medical treatments. [253] In addition heparin 
stimulates proliferation in some cell types and inhibits growth in others and also has the 
ability to increase stability or attract growth factor. [254] It also modulates several phases 
of wound healing. [255] Its biological activities results from the binding of various proteins 
to their anionic sites [256] Thus, a better understanding of the acidity of heparin’s anionic 
sites is necessary to develop fully structure-activity relationships. Polyanionic heparin 
(HE) is one of the most acidic molecules found in nature. [257] It is categorized as a strong 
PE, following the PEs concept. Its charge density is not influenced by the ionic strength 
and pH of the environment.  In turn, its rigidity, stiffness and the conformation structure of 
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its chains even its interaction with surrounding molecules are not influenced along a wide 
range of pH values. All determinations of the conformation of heparin (both in solution 
and in the solid state) have indicated similar, well-defined molecular structures in terms of 
overall chain conformation, with additional subtlety arising from the conformational 
versatility of the pyranose ring of iduronic acid (Scheme  2-16 b). [258, 259] 
 
 
 
Scheme  2-15. Schematic diagram shows (a) chemical structure of heparin (b) 
stereographic representation presents the conformational itinerary of the pyranose ring as 
defined by Jeffery and Yates (1979). [260] The canonical rings presented in both sides are 
4C1 and 1C4 chairs at opposite poles (θ = 0° and 180°, respectively) and boat skew-boat 
form around the equator ((θ = 90°) represented in the middle.  
 
So far heparin has been presented as displaying both unusual mobility (in the 
iduronate ring) and unusual rigidity (in the glycosidic conformations) and hence the overall 
molecular shape. The question now is, is heparin more or less flexible than other 
polysaccharides? Perhaps the answer is ‘’differently flexible.’’ Heparin and its derivatives 
appear to reorient symmetrically in solution, implying a rod-like shape. The gycosidic 
linkages in heparin appear relatively stiff, but the iduronate pyranose rings can adopt at 
least two conformations. Scheme  2-17 shows how ring form can change with only a model 
effect on the geometry of linkages to the two neighboring residues. However the flexibility 
of the iduranate pyranose ring regarding this conformational change indicates that it’s 
marginal and not so rapid compared to the overall molecular reorientation. [258, 259] 
Therefore the flexibility of the iduronate pyranose is not altering the shape of the heparin 
polysaccharide chain. 
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Scheme  2-16. Stick diagram of 2-O-sulfate iduronate, with two pyranose ring forms (2S0, 
solid lines, 1C4 broken lines) which contribute to the conformation equilibrium of internal 
iduronate residues in heparin overlaid. The change between the two forms can be 
accommodated with relatively modest changes to the geometry of glycosidic linkages to 
adjacent residues, but there is a marked difference in the orientation of sulfate substituent. 
[261] 
 
The anionic polysaccharide nature of the heparin also plays a profound role in 
presenting HE as a perfect candidate at specific conditions to be used in establishing PEM 
and complexes with cationic polymers. This complexation has a particular interest as 
scaffolds for a variety of engineered tissues and as coatings in the biomedical world. In 
2009 , Niepel et al. [262] have reported that the adjustment of the pH of heparin solution to 
acidic, neutral or alkaline values (pH 5.0, 7.0 and 9.0) had an influence on PEM 
(HE/HPEI) morphology and on the surface topography regarding to the formation of 
domains. Further, heparin layers which have been assembled at pH 9.0 show larger 
structures or aggregates if compared to heparin layers formed at pH 5.0 or pH 7.0. They 
also investigated via quartz crystal microbalance (QCM) measurements that after changing 
the pH value of the heparin solution to the latter specific values, a distinct change in 
adsorption behavior was observed. In particular, heparin adsorption at pH 5.0 caused an 
increased negative change in QCM frequency and the heparin dissipation values (minimum 
of mass adsorption) was higher compared to heparin adsorption at pH 7.0 or pH 9.0. In 
turn this affects the following HPEI (polycation) adsorption. However, lower dissipation 
values are depicted compared to neutral or alkaline pH.  Niepel et al. [262] used also static 
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water contact angle measurements to monitor the surface wettability of the self-assembled 
PEM fabricated on a glass slide. Heparin adsorption led to an increase in surface 
wettability dependent on the pH value on heparin. A change of heparin solution pH to 
acidic, neutral or alkaline values caused a distinct alteration in surface wettability. Heparin, 
as a strong PE, results in highly hydrophilic surface because of the presence of charged 
carboxylic and sulphate groups. However, the heparin solution that prepared at pH 9.0 was 
of less hydrophilic characteristics than that of pH 5.0 or pH 7.0 even all the prepared pH 
values shows a significant wettable characteristics. Conversely, HPEI as a weakly charged 
polycation possesses amino groups its adsorption should lead to less wettable surfaces with 
contact angles similar to self-assembled monolayers bearing identical groups. [262] This 
gives mostly a logic reason for keeping PEM outermost layer as heparin and not HPEI.  
 
2.11.2. Hyaluronan polyelectrolyte properties, flexibility and applications 
 
Another anionic polysaccharide of great biological interest is hyaluronic acid (HA). 
Hyaluronan  (hyaluronic  acid or  hyaluronate)  is  a  naturally  occurring  linear  
glycosaminoglucuronan  consisting  of  a repetitive  disaccharide  β-(1   3)   linked  2-
acetamido-2-deoxy- D-glucopyranosyl-β-(1     4)-D  glucopyranosyluronic  acid  sequence 
(Scheme 2-18 a).  It  mainly occurs  in  connective  and  skeletal  tissue  and  periodontal  
ligaments  of  vertebrates.  HA’s synthesis takes place in the endoplasmic reticulum and 
Golgi bodies. [263] HA is found in the extracellular matrix of mammalian connective 
tissues as sodium hyaluronate (HA-Na+). The physical properties and functions of HA-Na+ 
are based on its ability to form viscoelastic aqueous solutions, the rheological behavior of 
which depends on the shear stress. It exerts lubrication functions in joints and is 
responsible for the viscoelasticity of the joint synovial fluid and eye vitreous humor, [264] 
thus making it an ideal candidate for use in optical surgery and as a viscosupplementation 
agent in joint diseases. [265] The  moderate  chain  stiffness  and  the  disordered  
elongated  conformation  adopted by  HA in  aqueous  systems account for peculiar 
viscoelastic properties that are relevant to its performance in biological fluids. [266] HA-
Na+ plays an important role in many biological processes including tissue hydration, 
proteoglycan organization in the extracellular  matrix,  and  tissue  repair,  and  it  has  
found  application  for  several  clinical  purposes and  for  cosmetic  use. [267] Recently a 
number of specific interactions between HA-Na+ as a weakly charged polyanion and 
different polycations of different charge strength have been established, which have also a 
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pointed role towards a biomedical application and the role of hyaluronan in recognition 
and regulation of cellular activities.[153] HA-Na+ rich suite of properties is indeed 
bringing a lot to the table; therefore it attracts the interest of a lot of scientist to investigate 
its biochemical and biophysical properties. Here in this part we will travel together with 
literature in a short journey to discuss about HA-Na+ properties, interactions, 
conformational and sterical structures. Despite the very simple structure of the repeating 
disaccharide, there are about 60 years of intensive research on the properties of HA-Na+ 
solutions. As described in a number of literatures, [268, 269] the conformation and the 
interactions of HA-Na+ in solution are still controversial. Upon complete ionization of the 
carboxylic groups within D-glucuronic acid, the charges are about 1 nm from each other. 
These charges are influenced by ionic strength and pH of the environment and, in turn, 
influence the shape of the chains and their interactions with surrounding molecules.   
 
Scheme  2-17. Schematic diagram shows: (a) chemical structure of hyaluronic acid (b) a 
possible duplex formation between two HA chains. In addition it present the imaginary 
worm-like structure presented by Odijk’s model. The two participating single HA helices 
are antiparallel to each other. The dotted lines delineate each sugar unit; the circles 
represent acetamido, and square represent carboxylate groups. The gray bars are the 
hydrophobic patches stretching along three sugar units on alternate side of the polymer 
chain. [268]  
 
A typical PE pattern of viscosity was pointed out by Balazs and Laurent in the 
1950s. [270] HA-Na+ chain conformation changes respond to the solvent pH and ionic 
strength, which greatly influence its physicochemical properties in solution. [270, 271] 
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HA-Na+ chains collapse as the charges become neutralized and contract with increasing 
ionic strength and decreasing pH, which indicates their PE behavior. [272] Also at higher 
pH there is an important question related to chemical change produced by such higher pH. 
It was investigated by Mathews and Decker that in alkaline medium there is a profound 
decrease in the solution viscosity. [273] They explained this dramatic reversible decrease 
in HA viscosity in alkaline medium, by the disruption of hydrogen bonds when protonated 
groups participate this in turn ionize HA’s hydroxyl groups . This ionization leads to loss 
of H atoms and, in turn, results in the destabilization of the ordered structure. [273] Darke 
et al. also confirmed that the confirmation of the polymer is more random at high pH than 
at the neutral pH. [274]  Fouissac et al. [275] explained that the electrostatic expansion of 
HA chains could be well described within the framework of Odijk’s model, by assuming a 
wormlike chain (Scheme 2-18 b). For short enough chains, almost rodlike properties may 
then indeed be expected and the electrostatic interaction is viewed as only perturbing the 
wormlike shape of the macromolecule. However, Hayashi et al. [276] indicated that the 
electrostatic contribution to the persistence length at a lower salt concentration is much 
larger than what would be predicted from Odijk’s model. [276, 277] HA chains in solution 
have expanded ‘’somewhat stiff’’ random coil structure. The stiffness of the HA polymers 
promotes an extended random-coil configuration and their long chain ensures that they 
occupy enormous molecular domains. These begin to overlap and form an entangled 
network at level of 0.5-1.0 g L-1, which may be stabilized by chain-chain interactions. 
[276] Cleland et al. showed that the size of HA varies with pH and salt concentration as 
would be expected for a flexible PE. [272] 
 
By nuclear magnetic resonance (NMR) measurements on HA solutions, Darke et 
al. identified two types of residues in HA chains. [274] The relationship between the 
relaxation times and conformational mobility showed that there are two types of domains 
with different mobility. While one had the mobility of a flexible polymer, the other was so 
stiff that it had to contain cooperative structure. The stiff part represented 55-70% of the 
HA structure, and this proportion was not altered by changing the ionic strength, 
temperature or by moderate change in pH. Therefore they suggested that the stiff chain 
segments are different from the flexible chain segments by minor covalent features. Darke 
et al. [274] and Ghosh et al. [278] have observed that upon treating the ‘stiff’ segments 
with 1M NaOH convert most of the latter segments reversibly go to a more flexible form. 
[274, 278] Cowman et al. [279] reported that, for low HA molecular weight in water, it 
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was strongly indicated that the acetamide group was wrongly oriented to allow a hydrogen 
bond between the amide proton and the carboxyl group of the adjacent uronic acid subunit. 
[279] They found evidence for the replacement of the hydrogen bond between the amide 
proton and the carboxyl group by a single water molecule bridging both groups. Molecular 
models of HA secondary structures containing water bridges revealed that such bridges can 
join the acetamido and carboxylate groups in four ways which are sterically different. 
[279] Besides extended hydrogen-bonded arrays, Scott and colleagues also observed large 
hydrophobic regions, of about eight CH groups, on alternate sides of the single HA helices. 
[264] The hydrophobic patches were postulated not only to stabilize duplex formation but 
also to be a basis of the network-forming and laterally aggregating behavior of HA. [264] 
 
In the world of PEM and PEC, HA-Na+ plays an important role, due to its 
secondary conformational changes especially after being conjugated with weakly charged 
polycation. The plethora of recent papers and reviews discussing PEM fabrication in the 
presence of polyanionic HA-Na+ have been published. [153, 166, 271] The 
counterpolyanion HA-Na+ was chosen not only because it is biocompatible, but also 
because it offers the possibility of being easily conjugated with bioactive molecules. Most 
research groups in the world of PEM build-up PEMs using HA in corporation with weak 
polycations and less who deal with PEM (HPEI/HA). Lee et al. [280] developed mussel-
inspired cytocompatible encapsulation method for achieving a ‘cell-division control’ with 
cross-linked LbL shell. They suggest a measuring unit for the relative timing of cell 
division with LbL-encapsulated yeast cell as a representative example (Scheme 2-18) 
Catechol-grafted PEI (PEI-C) and HA are chosen as PEs for the LbL process. PEI (Mw: 25 
kDa, 500 mg), a cationic polymer used for LbL assembly on yeast, was conjugated with 3-
(3,4-dihydroxyphenyl) propionic acid to yield PEI-C. For polyanion, HA (200 kDa, 300 
mg) was modified to HA-C by reacting HA with dopamine in the presence of 1-ethyl- 3-
(3-dimethylaminopropyl) carbodiimide. The oxidative cross-linking of catechol moieties 
was performed at slightly basic pH value (pH 8.5) for 12 hours after formation of PEM on 
individual yeast cells (Scheme 2-18). They measured the surface of native yeast cell to 
exhibit potential of -32.8 mV. The LbL process started with positively charged PEI-C, and 
the surface charge after each LbL step was measured by zetapotential. The zigzag potential 
figure indicated the successful PEM formation. They prepared three different LbL-
encapsulated yeast cell with three different numbers of layers per deposition: 10 bilayers, 
20 bilayers and 30 bilayers. The viability of yeast cells was investigated after encapsulation 
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by fluorescein diacetate (FDA) [281] and resazurin assays. [282] The cell viability was 
determined with at least 300 yeast cells and both assays showed high cytocompatibility for 
PEI-C and HA-C as counterpartners in LbL shell. They observed that the more the bilayer 
number the lower the cells viability. Lee et al. and lot of previous reports suggested that 
the cationic polymers damaged cells and their viability dramatically decreased as the 
number of bilayers increased. [280, 283-285] The viability reduction was further 
performed after PEM shell crosslinking. They assumed that that reduction may be due to 
the oxidized species generated during the cross-linking step. They also demonstrated a 
retarded cell division by formation of a nanometric shell. Cell division was quantitatively 
calculated and controlled by the number of PEMs nanolayers and the cross-linking 
reaction. The ‘cell-division timing’ was varied by the thickness of the LbL-encapsulated 
yeast cells, e.g. PEM with 20 bilayers deposition delayed the cell- division with about 12 
hours [280]  
 
Scheme  2-18. Schematic representation for Lee et al. experimental procedures, PEI-C and 
HA-C were chosen as counterpartner for LbL construction, and cross-linking of PEs was 
performed at pH 8.5 for 12 hours. Adapted from Reference [280] 
 
Also Burke and Barrett, [271] have built up PEM (PLL/HA) via LbL technique. 
They have observed significant shifts in the acid-base equilibria dissociation constants of 
PLL and HA upon incorporation into a ML film, from 1 to 3 pH units different from the 
accepted dilute solution values. [271] They explain this observation according the ability 
of the chains of these PEs to adopt secondary conformations and to increase the degree of 
conformational order upon adsorption.  Hence, the trends in the shifts of acid-base 
equilibria are strongly dependent upon the types of PEs in the ML film. They have also 
found that the acid-base equilibria properties of the PEs in the film can be used to tailor the 
physicochemical properties of the film by varying the assembly solution pH and ionic 
strength environment. [271] 
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3. MOTIVATIONS AND GOALS 
 
3.1. Motivation 
 
Drug delivery is an important issue, especially for new generation of therapeutic 
agents. Efficacy is the most important characteristic for any drug or bioactive materials. 
However, efficacy of the drug may often be reduced because of the inability to deliver the 
drug to the specific cells or tissues. After administration, the drug may pass through 
different physiologic barriers and/or pathways, decreasing the actual amount of drug that 
reaches the desired site. Tissue specificity, product stability and solubility are all desirable 
characteristics of drug, but are not always attained. [286] Therefore, the need to develop a 
drug carrier system with such characteristics is of great importance and is always in 
progress. The drug delivery coatings can address some of the above issues. Moreover, 
these coatings for an implantable medical device can be used for several purposes 
including: 
 
1. Prevention of harmful reactions and other negative responses from body to device 
and vice versa. 
2. Prevention of microorganisms from causing infections on and around the device 
after implantation. 
3. Delivery of therapeutic agents directly to the problematic cell for curing. 
4. The direct transfer of therapeutic agent, e.g. anti-inflammation and anti-fibrosis, 
prevents cell necrosis (cell death) which is mainly due to the growing 
inflammations and fibrosis around both the living cell and the implant as a foreign 
subject. This in turn stops veins and venules proliferation and cell nourishing and 
leads finally to cell necrosis. Finally, two different probabilities will be expected: 
(i) formation of malignant tumor or (ii) the implant detachment. 
 
In searching for an ideal carrier system, hyperbranched polymers (HBP) may have 
significant potential. HBPs are highly branched macromolecules with a large number of 
functional groups on the surface of the polymer. The versatile and tunable properties of 
HBPs together with the ease of synthesis make them as promising materials in drug 
delivery applications. The delivery systems are not only capable of providing sustained and 
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controlled release of encapsulated bioactive compound, but also protect the non-released 
bioactive material from degradation and physiological clearance. However, a lot of 
previous reports suggest that the cationic polymers, e.g. hyperbranched 
poly(ethyleneimine) (HPEI) damaged cells and their viability (Section 2.1.3). [280, 283-
285] According to previously stated it was dramatically important to search for a 
polycation that carries both properties: (i) the biocompatibility and (ii) the dendritic 
globular shape which gives the advantage regard to the bioactive molecules uptake and 
controlled release. These properties arise the question whether poly(ethyleneimine) 
modified oligosaccharides (PEI-OS), which shows a strongly enhanced biocompatibility, is 
suitable for guest molecule entrapment or not.  Appelhans  et al. [56] modified  HPEI  by  
a  reductive  amination  reaction  with  various oligosaccharides.  It  was  shown  that  the  
obtained  core-shell  polymers  were  able  to  complex anionic molecules such as 
adenosine 5ʼ-triphosphate disodium salt (ATP). Complexation capacities of the polymers 
were dependent on the size of the core, the length of the oligosaccharide, and the density of 
the sugar shell. Thus, polymer with the lowest DS% (~16 %) has entrapped ∼ 60 molecules 
of ATPs. However, the one with the highest DS% (~77 %) encapsulated only 40 ATPs.  
The observed difference in the complexation capabilities  was  attributed  to  the  different  
penetration  abilities  of  ATP  molecules  through  the open and dense oligosaccharide 
shells (characterized by the DS% = ~16  and ~77 %, respectively) of polymer 
macromolecules. It was supposed that ATP molecules could not penetrate through the 
dense maltose shell of the polymer macromolecules with the DS% = ~77 % for interacting 
strongly with the HPEI core. On the contrary, the loose shell of the polymer  
macromolecules with  the  DS% = ~16%  enabled  penetration  of  ATP  molecules  to  the  
core.  Lower complexation capacity of the HBP with the dense shell can be also attributed 
to the fact that additional modification of HPEI chains led to a decrease in their flexibility 
and create larger spaces filled with guest molecules. [56] What have been successfully 
done by Appelhans  et  al. [56] that they opened a new future in the field of drug delivery 
systems and built the first building block in this work. This study will be the first that 
directly applies the polycationic maltose modified hyperbranched poly(ethyleneimine) 
counterparts with different polyanions for building up novel drug delivery carriers. 
 
Polyelectrolyte multilayers (PEM) have revealed themselves as a promising avenue 
towards biomedical applications and drug delivery coatings in today´s life sciences. In this 
study, new vision for multilayer concept and its relation with materials will be presented. It 
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will open new chances and challenges to build up PEM with newly innovated polycations 
and polyanions of different charge densities affinities and different stoichiometric ratio. 
LbL technique as a cheap method with numerous advantages (Section 2.4.2) is widely 
used for PEM construction. Most of the published reports present an equal (1:1) polyions 
stoichiometric ratio. [166, 236, 248, 287]  Limitation of LbL technique was recognized 
when no inter-polyelectrolyte binding occurred. This may be in the case of polymers with 
lower charge densities than critical and/or when there is a large mismatch between 
polyions charge densities. In this study, new investigations will be established to find the 
optimum stoichiometric ratio which may be not the 1:1 ratio but it is possible to vary such 
ratio in order to obtain PEM growth on the surface of interfaces and to optimize PEM 
building-up with polyions of different kinetic affinities toward each other. The final 
structure of the multilayer film is assumed to consist mostly of 1:1 complexes of 
polyelectrolytes [9, 288, 289]  although there are also reported exceptions.[12, 290] 
 
In spite of the successful PEM construction which is frequently reported [137-141, 
164, 181] there are only few reports that investigate PEM stability. [236] In LbL technique 
a defined number of monolayers, each with a thickness in the nm range are adsorbed, such 
that ultrathin films are obtained with a defined thickness in the nm to µm range, where 
electrostatic interaction between PEs ensures chemical and mechanical stability of PEM. 
Variation of the PEs and variation of preparation parameters like pH, salt concentration, 
temperature and ionic strength can tune the physical and chemical properties of PEM. The 
same parameters can act as external stimuli for post preparative changes of film properties. 
The flexibility of PEM with respect to such wide physical and chemical stimuli/variables 
promotes their application potential in several fields. Current issues of great interest are the 
swelling and permeability of these multilayers and their response to external stimuli. When 
multilayers are brought into contact with a solution of different pH and ionic strength, 
typically swelling of the film is observed that might be accompanied by chain 
rearrangement and uptake of water, solvent or electrolyte. There is plenty of literature on 
pH-driven properties of PEM prepared from weak PEs. [212, 291-295] pH-sensitive and 
ionic strength induced swelling of linearly and exponentially growing multilayers made 
from biopolymers is also well studied by various groups. [211, 296-298] Furthermore, the 
dependence of salt induced swelling on the internal structure of PEM has been examined. 
[299] Even a successful permeation or diffusion of various ions through readily prepared 
PEM is observed.[300-304] 
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After choosing suitable PEM components and controlling its stability, it is the task 
for the therapeutic agent to be efficiently loaded and released. By one way or another, the 
system equilibrium state to the surrounding media will affect PEM’s loading efficiency and 
release profiles. The more the PEM is in equilibrium; the higher is loading efficiency and 
vice versa. For essence, the therapeutic agent can be loaded and released by finely tuning 
the PEM interior after exposing PEM system to different biological factors, pH, ionic 
strength…etc. Controlled drug release from PEM is essential to ensure enough therapeutic 
agents to reach the damaged cell; and sufficient drug content in the carriers could lead to 
efficient therapeutic agent uptake by cells. Therefore, controlled therapeutic agent release 
and high drug loading are vital in PEM preparation. However, both have often posed a 
number of technical challenges to scientists. Drugs can be incorporated into PEM or any 
drug carrier system by either preloading [220, 223] or postloading [84, 224] method. 
According to the former reports, when the drug is loaded during PEM formation and is 
considered as one of PEM counterpart, this is the so called drug preloading. However in 
postloading method, drugs are loaded in the prepared PEM by disturbing PEM internal 
kinetics and driving forces, where drug is adsorbed on the surface of PEM. In addition to 
loading strategies, there are also several efforts dedicated to control drug release in PEM 
system , e.g. light, [305] magnetism, [306] pH, [307-309] ionic strength,[310] 
glucose,[311] and redox, [312] having emerged recently. Such drug delivery systems, 
which release their payload in responding to internal or external triggers, offer great 
advantages. However, the development of stimuli-responsive PEM, especially those made 
of biopolymers, is still in the early stage. Because of the short development history of PEM 
technology, great potential for biomedical applications, and the almost infinite possibility 
of varying parameters in the preparation process, further studies are needed to advance the 
development of stable sustained drug delivery systems.  
 
3.2. Goals 
 
The goals of this work are focused on the fundamental understanding of HPEI 
decorated with maltose moieties (PEI-Mal) of two different saccharide shell densities (PEI-
Mal-B and PEI-Mal-C) within a polyelectrolyte multilayer (PEM) system. Both PEI-Mal 
structures will be enrolled in establishing highly sophisticated PEM as a model for drug 
delivery coatings suitable for bioanalytical or biomedical tasks. Polycationic PEI-Mal of 
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both structures as weakly charged polycations will be used to build-up a stable PEM in 
counterpart with biocompatible polyanions using LbL technique. For that, a strongly 
charged heparin sodium salt (HE-Na+) and a weakly charged hyaluronic acid sodium salt 
(HA-Na+) will be chosen as biocompatible anionic counterparts. The most important and 
challenging point in this work is to form a highly equilibrated system against different 
biological factors, e.g. pH, ionic strength, etc. Parent PEI is considered as a weak 
polycation and the challenge in this study is directly related to the low charge density of 
PEI-Mal. To overcome PEM stability problems, it was important to adjust the charge 
densities for both polycations and polyanions via polyions stoichiometric ratio and to 
examine their complexes (PEC). These adjustments will be established by carrying out 
different pretests for their PEC formation using different characterization methods, e.g. 
particle charge detector (PCD), and dynamic light scattering (DLS) and zeta potential (ζ) 
measurements. After building up a stable PEM, such PEM will be loaded with adenosine 
5’ tri-phosphate disodium salt (ATP) molecules as a drug model.  
  
The whole work will be categorized into two main tasks: 
 
 PEI-Mal of both structures, PEI-Mal-B and PEI-Mal-C, as weakly charged polycations 
will be used to build-up a highly stable PEM using LbL technique. The polyanions are also 
chosen to be biocompatible negatively charged PEs with different charge densities, e.g. the 
strongly charged HE-Na+ and the weakly charged HA-Na+. Herein, two different systems 
weak/weak system (PEI-Mal/HA-Na+) (equal stoichiometric ratio of 1:1) and weak/strong 
system (PEI-Mal/HE-Na+) (different stoichiometric ratio) will be built-up. PEM formation, 
thickness, swelling behavior and physiological stability of such highly biocompatible PEM 
for both established weak/strong and weak/weak systems will be intensively studied. Three 
different Approaches A, B and C will be established which differ in the precoating and 
assembly pH to achieve stable PEMs. PEM swelling and stability will be investigated after 
PEM being subjected to different biological factors.   
 
 After the formation of highly stable PEMs it will be the task to check the ability for 
drug loading. The biological guest molecule in this study will be the anionic aromatic 
physiological nucleotide ATP.  The loading process will be performed with two different 
strategies (a) post-loading (b) pre-loading techniques. 
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(a) Drug preloading: In this step, PEI-Mal/ATP complex and polyanion/ATP mixture 
will be prepared with different molar ratio. The latter complex/mixture will be used for the 
layering up process.  
 
The following investigation will be achieved: 
(i) Varying the mixing ratio of guest molecules in order to achieve the most kinetically 
stable PEM, the highest loading efficiency and a retarded release. 
(ii) Drug release profiles for stable PEM structures will be studied in dependence of 
various conditions, e.g. pH, different ionic strength, buffer mediums…etc.  
 
(b) Cyclic upload and release (drug postloading):  
 
This strategy is a cheap and an easy way for drug uploading and release out of 
PEM. It will be one important challenge that PEM will keep its stability for a long 
duration. 
 
This investigation will be created to: 
(i) Emphasize PEM high stability conditions versus time. 
(ii) Check the release depending on the different physiological conditions
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4. RESULTS AND DISCUSSION 
4.1. Properties of glycopolymers (PEI-Mal) 
 
Hyperbranched poly(ethyleneimine) (HPEI) modified with maltose moieties (PEI-
Mal) refers to a class of core-shell polymers with a dendritic core. HPEI structure enables 
complexation of anionic molecules, e.g. deoxyribonucleic acid (DNA) or small interfering 
ribonucleic acid (siRNA) or any other kinds of polyanions, whether synthetic or natural, 
e.g. HE, HA , PAA, PSS… etc. 
 
4.1.1. Synthesis of PEI-Mal 
 
PEI-Mal was obtained by reductive amination of HPEI (Mw = 25,000 g mol-1, Mn= 
9,600 g mol-1, PDI= 2.6, DB= 70.6%) with maltose in the presence of strong reductive 
agent (borane-pyridine complex) in borate buffer at 50°C for 7 days as it was described by 
Appelhans et al. [56] The degree of substitution (DS%) depends on the ratio between the 
parent PEI and the oligosaccharide results in the formation of three different structures 
PEI-Mal-A, PEI-Mal-B and PEI-Mal-C, of different outer shell architectures presented in 
(Scheme  2-4). As it has been previously discussed in Section 2.1.4, structure A is 
characterized as HBP backbone densely decorated with sugar moieties. This in turn forms 
a densely organized oligosaccharide as a closed shell with preferred D units. Structure A is 
out of the scope of this work due to its very low charge density property and its closed 
maltose shell, therefore the discussion will be focused on the properties of structure B and 
structure C.  
 
Table  4-1. DF%, TDF% and degree of T, L and D units of modified PEI obtained from 
elemental analysis for different PEI-Mal. [56] 
 PEI-25k PEI-Mal-B PEI-Mal-C 
Ratio PEI:OS 
- 1:0.5 1:0.2 
Mw of the PEI core (g.mol-1) 25,000 25,000 25,000 
DF% 
- 35 16 
TDF% 
- 27 14 
D% 30.7 36 30 
L% 36.7 64 56 
T% 32.6 - 14 
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Table  4-2. pI for parent PEI-25k and PEI-Mal-B and -C determined by zeta potential 
measurements. DF% for PEI-Mal-B and PEI-Mal-C are also represented. [86] 
Polymer pI DF% 
PEI-25k 10.7 - 
PEI-Mal-C 9.4 ± 0.05 16 
PEI-Mal-B 9.0 ± 0.1 35 
 
According to Appelhans et al., [56] DF%, TDF, D%, L% and T% groups were 
calculated and are presented in Table  4-1. The calculations were based on the data 
obtained from the elemental analysis for the synthesized polymers and the data previously 
obtained for pure HPEI from 13CNMR. [56] The parent PEI structure contains primary 
amino functions as terminal units and secondary amino functions as linear units. The 
dendritic units consist of tertiary amines. Polymers with different DF% of amino groups 
were obtained by varying the ratio between PEI and maltose (Experimental, Section 
6.1.1.1). Thus, structure B is characterized by the presence of mostly secondary amino 
groups in the PEI structure, and structure C is characterized by a mixture of primary and 
secondary amino groups. It is worth to mention that with the increase of DF%; isoelectric 
point (pI) of PEI-Mal gradually decreased from 10.7 to 9.0 (Table 4-2). Data in Table 4-2 
were calculated from Figure  4-1. [86] 
 
Figure  4-1. pH-dependency of zeta potential for PEI-25k, PEI-Mal-A, PEI-Mal-B and 
PEI-Mal-C (concentration of polymers solution is 0.5 mg mL-1) (Polikarpov et al. - 
Supporting information). [86] 
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4.1.2. PEI-Mal characterization and its solution properties 
 
Appelhans et al. [56] have already studied PEI-Mal polymers and solutions. PEI-
Mal polymers were characterized by a number of methods to receive information about 
their physicochemical properties. PEI-Mal structures were defined by means of elemental 
analysis and NMR. They have also investigated for solution properties by means of zeta 
potential, DLS, PE titration and SAXS measurements. This section will represent some of 
the important results, related to this working project, investigated by both Appelhans et al. 
[56] and Polikarpov et al. [86] 
 
 
Figure  4-2. DLS measurements for streaming zeta potential and particle size of PEI-Mal-B 
depending on different pH value (polymer concentration 0.5 mg mL-1) 
 
Polikarpov et al. [86] have studied the solution stability for PEI-Mal-B and -C. 
They investigated the PEI-25k core by SAXS and DLS measurements. Thus, at various pH 
values PEI-Mal exists mostly in the form of single molecules with diameter of 11-16 nm 
and these results almost fit this work results. [86] pH dependency of zeta potential for 
parent PEI-25k, PEI-Mal-B and -C was determined in Figure  4-1. [86] Zeta potential 
measurements were only applied for the determination of the pI, qualitative investigations 
of its charge properties, and estimation of solution stability. However, for PEI-Mal-B it is 
shown that PEI-Mal macromolecules do not aggregate over a broad range of pH values 
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(Figure  4-2). This can be due to the presence of a high amount of surface hydroxyl groups 
in structure of PEI-Mal that favor dissolution of PEI-Mal macromolecules. 
 
Since zeta potential measurements are not entirely enough for polymeric charge 
density investigation and evaluation, thus Polikarpov et al. [313] have calculated the 
charge density of PEI-Mal via PE titration. The particle charge detector (PCD) was used to 
calculate the polymeric charge density (Experimental part, Section 6.3.1).  [313] They 
emphasized that the PEI-Mal charge density is pH-dependent and is gradually increased 
with the decrease of DF% and pH. The number of average molecular mass (Mn) for PEI-
Mal-B and PEI-Mal-C has been calculated via elemental analysis. Mn for PEI-Mal-B and 
PEI-Mal-C were analyzed to be 39,1 and 29,6 g mol-1 , respectively. [313] It was 
investigated that at pH 2.0, almost all amino groups of PEI-Mal, without paying attention 
to the shell density are protonated. However at pH 9.2 and 11.2, PEI-Mal-B outlines a low 
anionic charge density per macromolecules similar to PEI-Mal-C and the values for both 
PEI-Mal were of negative values. These results were explained by Appelhans et al. [56] , 
that at pH>pI, PEI-Mal macromolecules are negatively charged (Figure  4-1). [313] It can 
be postulated that this may be a result from their interaction to boric acid during the 
synthesis. Borate can interact with the molecules containing hydroxyl groups in sugar 
molecules via covalent bond. At pH 7.4, 5.4 and 2.0, PEI-Mal-B possesses lower cationic 
charge density per macromolecule compared to that of PEI-Mal-C. [313] The determined 
charge properties of the larger dendritic glycopolymers PEI-Mal-B and -C completely 
resemble previously published charge properties of smaller dendritic polymers PEI-Mal, 
consisting of PEI-core with molecular weight 5,000 g mol-1, [56, 66] due to shielding 
effect of wrapping maltose units against PEI-core and different compositions of terminal, 
linear and dendritic units in PEI-Mal. This kind of shielding effect of oligosaccharide units 
was also proven by PE titration experiments, streaming potential titration experiments and 
theoretical molecular modeling for PPI glycodendendrimers showing that anionic PEs 
cannot or only partly compensate the cationic charge of the dendritic PPI scaffold in the 
core-shell architecture of PPI glycodendrimers. [83, 314, 315] A similar situation is given 
by PEI-Mal macromolecules used here in this study, that they possess a lower cationic 
surface charge and charged density than the parental PEI-25k that is considered as a 
weakly charged cationic PE.  
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4.1.3. Polyelectrolyte titration experiments for determining charge density of PEI-
Mal, charge neutrality between cationic PEI-Mal macromolecules and 
polyanions HE-Na+ and HA-Na+ 
 
Limitation of LbL technique was recognized in case when no inter-PE binding 
occurred. Firstly, this may be in case of polymers whose charge density is lower than 
critical and when there is a large mismatch between the charge density of polyions under 
investigation. Secondly, it is often found when combinations of a strong polyacid at 
neutral/basic pH values and a positively charged proteins or synthetic HB polycation with 
ammonium groups are used for PEM deposition. [287] This kind of PEM 
erosion/dissolution gives us the inspiration to conclude that the strong intermolecular 
association between a pair of PE chains is not the only prerequisite for successful film 
deposition.   
 
Scheme  4-1. I. Molecular architectures of dendritic glycopolymers, PEI-Mal-B and PEI-
Mal-C. Dendritic glycopolymers differ in the degree of maltose substitution. PEI-25k acts 
as the molecular platform of dendritic glycopolymers.  II. Chemical structure of heparin 
(HE-Na+) and hyaluronic acid (HA-Na+). 
 
It was important to find a possible way to investigate such polyions and to expect 
the most probable stoichiometric ratio, which might be not the 1:1 ratio, in order to reach 
the final structure of a multilayer film which is assumed to consist mostly of 1:1 complexes 
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of PEs.  Therefore, pretesting experiments were carried out by means of particle charge 
detector (PCD) were emphasized by using DLS, zetasizer and ATR-FTIR. Scheme  4-1 
presented the polycations, PEI-Mal-B and PEI-Mal-C and polyanions, HE-Na+ and HA-
Na+ under investigations. 
 
Table  4-3. Average charge density [q (C g-1)] of PEI-Mal determined by PE titration; the 
concentration of PEs is 1mg mL-1 (the values were calculated using Eq. 6-1) 
 
pH Polyions q (C g-1) 
7.5 HE-Na+ -200 
7.5 HA-Na+ -99 
3.2 ATP -13 
7.5-8 PEI-Mal-B +55 
7.5-8 PEI-Mal-C +90 
5.5 PEI-Mal-B +69 
5.5 PEI-Mal-C +139 
 
 
 
Figure  4-3. Charge compensation of weakly charged cationic dendritic glycopolymers by 
strongly anionic polysaccharide HE-Na+ using PCD method. Titration curve of polycations 
PEI-Mal-B (black line; 1mg mL-1) and PEI-Mal-C (red line; 1mg mL-1) against polyanion 
HE-Na+ (1mg mL-1) 
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It is worth to mention that the behavior of PEMs is governed by the same physics 
as that of corresponding PECs in solution. This likelihood between the behavior of PEs in 
solution and PEM growth onto a substrate’s surfaces in addition to the relation between the 
PEM growth and the phase behavior of PECs in solution, force investigators to examine 
PEC. Therefore it was important to know more information about the particle size and the 
resultant charges for the used PEs in the form of PEC, which is considered to be the first 
step for being able to achieve stable PEMs. In addition, these pretesting experiments will 
give more information about the expected mass ratios which will be expected to form 
stable PEMs. In order to find the right mass ratio between both PEI-Mal and other 
polyanions for stable PEM fabrication, additional PE titration experiments were carried out 
using PCD.  
 
Figure  4-4. PCD titration diagram for charge compensation between PEI-Mal (PEI-Mal-B 
and PEI-Mal-C) against HA-Na+. Titration curve of polycations PEI-Mal-B (black line; 
1mg mL-1) and PEI-Mal-C (red line; 1mg mL-1) against polyanion HE-Na+ (1mg mL-1) 
 
The charge densities for polycation PEI-Mal macromolecules (PEI-Mal-B and PEI-
Mal-C) at pH values 7.5 and 5.5, and polyanions (HE-Na+ and HA-Na+) were calculated by 
means of PCD and is presented in Table 4-3. Two different methods have been performed. 
The first method is based on titration of the PEs with low molecular-weight PES 
(negatively charged) (0.001M) and PDADMAC (positively charged) (0.001M), 
respectively (Experimental part, Section 6.3.1) (Table 4-3). The second method is based 
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on the titration of polycations with the polyanions for PEM preparation. A stream of 
potential is reaching the isoelectric point (zero mV) in case of charge neutrality. One 
milliliter of the polycation (1mg mL-1) added to 9mL Millipore water was titrated against 
polyanion (1mg mL-1) (Figure  4-3, 4-4). On reaching the isoelectric point, the mass ratio 
between the polyions according to the volume of the polyanion used to neutralize the 
polycation can be calculated. The calculated ratio in case of weak/strong (PEI-Mal/HE-
Na+) system for both PEI-Mal-B and C are shown in Figure  4-3. The calculated value of 
the expected mass ratio for PEC (PEI-Mal-B/HE-Na+) was 12:1, while it was 7:1 for PEC 
(PEI-Mal-C/HE-Na+). However in case of weak/weak system, PEC (PEI-Mal/HA-Na+), 
the calculated mass ratio for PEC (PEI-Mal-B/HA-Na+) was 2:1 and for PEC (PEI-Mal-C 
/HA-Na+) was 1:1 (Figure  4-4). These mass ratios were used to the fabrication of the first 
PEM. 
 
In order to emphasis those previously calculations by means of PCD, DLS and 
zetapotential were used. The advantage of DLS and zetapotential in this study is to find the 
most appropriate PEC mass ratio, where the higher particle size and the lowest potential to 
isoelectric point are proposed. Appendix, Figure  8-2 shows that the particle size for PEC 
(PEI-Mal-B/HE-Na+) with mass ratio 20:1 is the most appropriate ratio for PEM 
formation. In addition, for PEC (PEI-Mal-C/HE-Na+) (Appendix, Figure  8-3) the mass 
ratio of value 7:1 is the right one with appropriate particle size and potential. The mass 
ratio for PEC (PEI-Mal-C/HE-Na+) was in agreement with that of PCD titration 
experiment. However, in case of PEC (PEI-Mal/HA-Na+), it is shown in Appendix, 
Figure  8-4, that the higher PEC particle size and lowest PEC potential is of  mass ratio 2:1, 
while for PEC (PEI-Mal-C/HA-Na+) it was 1:1 (Appendix, Figure  8-5). These results may 
be relied on the average charge densities of polycations, PEI-Mal-B and PEI-Mal-C against 
polyanions, HE-Na+ and HA-Na+.  For both systems, weak/strong and weak/weak, the 
mass ratio for PEI-Mal-B was higher than that of PEI-Mal-C. These results were in 
agreement to the average charge densities calculated with PCD (Table 4-3). Whereas, it is 
shown in Table 4-3 that q (C g-1) at pH 7.5-8 for both PEI-Mal-C and PEI-Mal-B is + 55 
and +90, respectively. The same calculations have been performed for the polyanions, HE-
Na+ and HA-Na+ (Table 4-3). The average charge density for HA-Na+ was much lower 
than that of HE-Na+. The q (C g-1) for HA-Na+ and HE-Na+ has been calculated with 
values -99 and -200, respectively. This gives a clear reason for the mass ratio increment for 
PEC with HA-Na+ against its consort with HE-Na+.  
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4.1.3.1. ATR-FTIR investigation for PEC (PEI-Mal-B/HE-Na+) 
 
After the examination of PEC (PEI-Mal-B/HE-Na+), two different mass ratios have 
been determined by means of PCD, DLS and zetapotential. At this moment it was 
important to confirm our data by using another module. A comparison with turbidity 
studies and PEM formation showed that complexes close to charge compensation point are 
not water soluble and give rather thick PEM. On the other hand the highly charged 
complexes (high stoichiometric coefficient) are water soluble and unsuitable for PEM 
formation. The relation between solubility of complexes and the ability to form PEMs 
becomes very comprehensible (Section 2.5). A minimum charge density is required for the 
formation of PEM. [316] Below this threshold charge the number of complexation sites 
may not be high enough to form stable complexes.  
 
Often the thickest PEMs are obtained for a charge density between this threshold 
and the nominal 100% charge density level. The reason is an increase in solubility of the 
PE with increasing degree of charges, which counteracts the ability for adsorption. Not 
only the average charge density, but also the distribution of the charges along the chains 
plays an important role in building up PEMs. ATR-FTIR has been used to confirm the 
mass ratio for PEI-Mal-B and HE-Na+ (Appendix, Figure  8-6). In these experiments the 
right mass ratio through the ATR-FTIR measurements has been investigated. Loading 
amount, stability and PE release in Millipore water have been determined for different 
PECs of different mass ratios. PECs of mass ratios 1:1, 12:1 and 20:1 were molded onto 
Ge-IREs and a prepared PEM (PEI/(HE-Na+/PEI-Mal-B)20) of mass ratio (PEI-Mal-B:HE-
Na+) (20:1) have been examined and their ATR-FTIR spectra is shown in Appendix, 
Figure  8-6. Series of release in Millipore-water for 0, 5, 60 and 1440 min have been 
measured. ATR-FTIR spectra show that the most stable PEC for (PEI-Mal-B/HE-Na+) is 
that of mass ratio 20:1. This PEC was totally stable in Millipore water and suffered no PE 
release for 1 day (Appendix, Figure  8-6). Whereas PEC with mass ratio 1:1 was the most 
unstable, since it is well known from charge density and PEI-Mal preparation condition 
that the stoichiometry for both HE-Na+ and PEI-Mal is not equal. 
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4.2. Precoating preparation and characterization 
4.2.1. pH-dependent adsorption properties of a PEI-25k on silica wafers 
 
PEI-based PEs are widely used as adhesives, dispersion stabilizers, thickeners… 
etc. The adsorption of weak PEs on oppositely charged surfaces depends on various 
parameters including pH and ionic strength, which can significantly change the charge 
density of the polymer as well the surface. However, the non-electrostatic surface affinity 
and the solvent quality also play an important role. The actual balance of the interactions 
between the different constituents of the bulk solution and the surface layer (polymer 
segments, solvent molecules, surface groups…etc.) determines the equilibrium properties 
of the system.  
 
Figure  4-5. Ellipsometric measurements showing thickness of PEI-25k of different pH 
value as a function of time. Freshly prepared PEI-25k of 2mg mL-1 dissolved in ultraclean 
Millipore-water, acidic pH was adjusted with HCl (0.5M).  
 
An additional feature of the adsorbed weak PEs is that their charge density is 
adjusted in the adsorbed layer due to the local electrostatic potential profile near the 
surface. As a consequence to this fact, it was concluded from different literatures [317] that 
this kind of adsorption possesses are considered as a very sophisticated assumption. In case 
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of branched or starlike PE the problem is even more complicated since the adsorption of 
these structures is less understandable than that of the linear ones.[318] The mechanism of 
PE adsorption can generally be viewed as a three-step process: (i) transport from the bulk 
to the surface, (ii) attachment to surface and (iii) the rearrangement in the adsorbed layer 
till reaching the equilibrium profile. However, the adsorption step and the whole 
precoating kinetics are mainly determined by the balance of the first two steps, which 
without doubt will affect the equilibrium of the whole PEM growing up later on. In this 
work, a comprehensive study of the pH-dependent adsorption properties of a PEI-25k on 
silica wafers will be presented (Figure  4-5). Some problems in PEM building up which is 
related to the different charge densities for the weakly charged polycations (PEI-Mal) and 
the used polyanions, especially strongly charged HE-Na+, in case of weak/strong system 
(PEI-Mal/HE-Na+),  has been observed. At this moment it was very critical to find a way in 
order to increase the charge density of the substrate (e.g. silicon wafers) to avoid its great 
influence on the first adsorbed layers. The strong affinity of PEI toward silica surfaces as 
compared to polyamines has profoundly directed us toward that choice (Figure  4-5). [319] 
HPEI was selected as polycation to form pre-coatings which acting as uniform anchoring 
networks for consecutive layers formation featured with a homogeneous and smooth PEM 
surface and high number of bilayer. 
 
The observed data will be compared with that of Mészáros et. al. [319] for the 
adsorption of HPEI of molecular weight (750,000 g mol-1) (PEI-750k) , their supporting 
electrolyte was NaCl. An attempt will be made to explain the differences between results 
of this work and theirs. It is important to mention that PEI-25k is practically neutral at pH 
≥ 10.5 whereas it possesses considerable charge density in the acidic pH range. The 
determination of the charge density of PEI-25k was based on the standard potentiometric 
titration method observed in Reference. [320] Mészáros et al. [319] investigated the 
adsorption amount of PEI-750k on the surface of thermal oxidized silicon wafers as a 
function of time at various pH values (pH 10.5, 9.2, 7, and 4.3) for 100 minutes. However 
in this work, freshly activated thermal oxidized silicon wafers were used (Experimental, 
Section 6.1.2). The additional silicon oxide layer was of thickness of 27 nm measured by 
ellipsometry, and the wafers were immersed in aqueous PEI-25k solution (2mg mL-1) for 
ca. 2 days. PEI-25k solution was investigated in different pH values 10.5-11, 9.5 and 5.5 
(Figure  4-5). The latter pH values gave three different precoatings, PEI-11, PEI-9.5 and 
PEI-5.5, respectively. Thickness for the three created precoatings has been traced as a 
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function of time for different pH values (11, 9.5, 5.5) for 2 day. Precoatings thicknesses 
were monitored by means of ellipsometry (Figure  4-5). Figure  4-5 shows that PEI-11 
(neutral pH) resulted in the formation of thick PEI precoating with film thickness of about 
∼ 60 nm. The precoating thickness was decreased as acidity was increased. In case of PEI-
9.5, the created precoating was of thickness ∼ 30 nm. PEI-5.5 was of much lower thickness 
and was monitored of maximum value of ∼ 4nm after the duration of ca. 2 days. In all 
cases the precoating thickness started to increase with time (∼1day), this period is followed 
by a plateau period with no more obvious increase in thickness has been observed 
(Figure  4-5). 
 
PEI-25k precoating monitored thickness is considered as the mirror reflection of 
the adsorbed amount of PEs at different pH values on the surface of silicon wafer. 
Mészáros et al. [319] demonstrated that the mechanism of adsorption can be split into at 
least two distinct parts:  (i) At the onset of the adsorption the adsorbed amount linearly 
increases with time. (ii)Then the rate of adsorption tends to have a constant value and the 
surface compensation was formed. They proved that the lower the pH the greater the faster 
the plateau value of the PEs adsorption to be attained. The reversibility of PE adsorption is 
also an essential question. For example, there is strong evidence that the adsorption of 
some weak PE shows significant hysteresis in a pH cycle experiment. However, this was 
the exact situation in case of pH 9.5 and pH 5.5. The thickness was dramatically affected 
by the acidic pH, thus in case of pH 5.5 the thinnest thickness has been achieved (≥4nm) 
(Figure  4-5). These results have a great agreement with that of Mészáros observations. 
The higher the pH value, the larger the adsorbed amount of HPEI and the thicker the film 
thickness. [319] This variation in PEs adsorbed amount and the layer thickness may be due 
to the pronounced role of the electrostatic segment/segment repulsion. i.e., by increasing 
degree of the protonation of PEI, two different repercussions will be achieved: 
(i) The deviation from the initial adsorption rate becomes steeper. 
(ii) The adsorption decreases monotonically with the increase of pH value at a fixed 
ionic strength.  
 
In other word it is possible to say that as pH value deviated from neutral the 
possible role of an electrostatic barrier in the kinetic theories become brightly observed. 
These results flow Eq. 2-3 where in neutral pH value, the non-electrostatic affinity of the 
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PEI-25k chains toward the silica surface (dielectric surfaces) starts to be dominate. This 
will switch the wetting process and will increase the amount of PEs adsorption. 
Respectively, most of the PEI-25k solution is going to spread homogenously on the surface 
of the silica substrate. This can be understood by recalling that image charges induced on 
the substrate which effectively changes the monomer–monomer interaction (Section 
2.4.3). For materials with low dielectric constant this interaction is reduced by the 
increased of electrostatic repulsion between the PE chains (Scheme  2-7 A). The latter 
aspect leads to formation of small complexes that repel each other and thus tend to cover a 
large part of the surface (dielectric substrates). At this moment the whole substrate’s 
surface area has a high affinity for adsorbing more amount of PEs on its surface and this 
logically followed by thickness increase. 
 
The only restriction for thickness increase is the screening effect. The higher the 
protonation degree of the PEI, the lower the ionic strength, the higher the electrostatic 
barrier developed and the slower the adsorption process. However, by increasing surface 
coverage a barrier against further adsorption is developed. Therefore, the attachment 
process slows down till reaching the equilibrium and eventually the plateau formation. 
This was well agreed with our observations, where PEI-11, PEI-9.5 and PEI-5.5 yield a 
mean thickness of about 60nm, 30nm and 4nm, respectively after 20 hours (Figure  4-5). 
No increase in any of films thickness was observed after one more day of investigation. 
The only striking deviation with Mészáros et al. [319] observations from these results was 
within the time achieved for reaching equilibrium . Mészáros et al. [319] used NaCl 
(0.001, 0.01 and 0.1 M) as a main supporting electrolyte in all of their prepared PE 
solutions. They reach the total compensation break point in < 50 seconds. Herein, 
equilibrium has been reached after 20 hours (Figure  4-6). Schneider et al. [318] point out 
at the very end of their paper: The outcome of an adsorption experiment must depend on (i) 
the relative rates of surface impingement on the one hand and (ii)  surface spreading on the 
other hand. When spreading occurs relatively fast, more molecules will lay flat so that the 
adsorbed mass will be low.  
 
4.2.2. AFM surface measurements for precoatings: PEI-11 and PEI-9.5  
 
The master aim of this study is the highest surface coverage, the highest surface 
charge density and the highest thickness in order to diminish the influence of the substrate 
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upon the following layering steps. However, it was very important, especially in the case 
of weak/strong system, to relieve/diminish the low affinities between PEI-Mal and HE-
Na+. Therefore, the thick layers PEI-11 (∼ 60 nm) and PEI-9.5 (∼ 30 nm) were only chosen 
for further experiments. Thus, it was important to check the topology and morphology for 
both chosen precoatings for later on PEM building up.  
 
 
 
Figure  4-6. AFM measurements for the topographic and amplitude images, with different 
lateral dimensions 2 and 10 µm2 for the pre-coatings (PEI-25k).  (a) and  (b): PEI-25k  
adsorbed  on  Si  wafer  at  pH  11  after  20  hours;  film  thickness  measured  by  
ellipsometry  is  ~ 60  nm.  PEI-25k pre-coating is only possible when using Si wafer with 
additional SiO2 layer of ∼28 nm.  
 
By considering the AFM topography measurements of such PEI-25k precoatings, 
Figure  4-6 and Figure  4-7 show the surface topology for both precoatings PEI-11 and 
PEI-9.5, respectively. PEI-11 provides smooth precoating surface with rms value of about 
10 nm calculated for lateral dimensions of 10µm2 (Figure  4-6). Blob-like structure did not 
appear in the AFM images (Figure  4-6). It should be noted that because of weak PE nature 
of the PEI-25k, the charge density is adjusted in the adsorbed layer. [123] This means that 
the amino units in contact to the negatively charged silica are more charged than the amino 
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groups lay further from the silica. This effect further increases the weight of the attractive 
segment/surface interactions at the expense of the repulsive segment/segment interactions 
by increasing pH. This means at certain pH value the adsorption does not depend on the 
PEs concentration, and this was exactly found in case of pH 10.5-11. In this case the 
adsorbed amount of PEI-25k increased, attached strongly to the substrate, and showed a 
smooth, continuous and well defined layer (Figure  4-6). In case of the protonated version, 
PEI-9.5 (Figure  4-7); the AFM measurements show that the rms of the precoating is 
increased till reaching 28nm calculated for lateral dimension of 10µm2. This indicates that 
the PEI-25k precoating formation is attributed to the formation of island on the top of PEI 
precoating. In addition to what has been discussed above, the screening effect restricts both 
the adsorbed amount of PEs and precoating morphology as well (Figure  4-7).    
 
 
Figure  4-7. AFM measurements for the topographic and amplitude images, with different 
lateral dimensions 2 and 10 µm2 for the pre-coatings (PEI-25k).  (a) and  (b): PEI 25k  
adsorbed  on  Si  wafer  at  pH  9.5 adjusted by HCl (0.5M)  after  20  hours;  film  
thickness  measured  by  ellipsometry  is  ~ 30  nm.  PEI-25k pre-coating is only possible 
when using Si wafer with additional SiO2 layer of ∼28 nm. 
 
In addition to the thickness determined by the optical ellipsometric module, for 
further confirmation film thickness was also determined by means of AFM. Thus, the 
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AFM measurement can be used as a direct and accurate method to detect the layer 
thickness because a direct AFM tip contact with the substrate and the coated surface is 
given.[165] Three PEI precoatings were scratched by hand with a razor blade to remove all 
the PEM film from a specific area to re-measure the film thickness of the PEI precoating. 
The three different scratches have been done on the same PEM and the mean value has 
been taken. The resulted thickness was not totally away from that was detected by 
ellipsometry. Thickness of mean value of ∼58 nm was detected for PEI-11 (Appendix, 
Figure  8-7 ), whereas about ∼31 nm for PEI-9.5 (Appendix, Figure  8-8) was measured. 
The additional AFM results confirm that the PEI-precoating is a homogeneous layer with 
heterogeneous surface especially for the protonated layer (PEI-9.5).  One final remarkable 
point is that precoating formation is only possible on Si wafer surface, which possesses an 
additional SiO2 layer of about 25–30 nm. This SiO2 layer is needed for the deposition of 
PEI-25k as precoating while Si wafer surface with native SiO2 layer with 1–2 nm of 
thickness is not suited for any precoating formation. This experimental requirement is not 
well understandable in the course of our study at the moment and needs additional 
experiments to clarify this point. From here on, the PEM characteristics will be interpreted 
on the basis of the adsorption properties of PEI-11 and PEI-9.5.  
 
4.3. Polyelectrolyte multilayer formation (PEM)  
 
Along the lines on what happened to the precoating PEI-25k on the surface of silica 
substrate, PEI-25k dynamic and static adsorption features on silica are significantly 
depending on the subtle balance of the attractive segment/surface and repulsive 
segment/segment interactions. This balance determines the extent of the electrostatic 
barrier in the adsorption mechanism, PEI-25k adsorbed amount and its depends on 
assembly pH, and the presence of strong non-Coulombic interaction between PEI-25k and 
the silica substrate. Thus, this study is trying to follow up the precoating by a number of 
bilayers, which will eventually follow the same mechanism but with additional 
sophisticated processing steps. The multilayer concept (Section 2.4.2) is based on the 
sequential adsorption of at least two polymer species having high affinities to each other.  
 
The first experiments on PEMs made of oppositely charged PEs (polycation and 
polyanion) were created by Decher et al. using LbL technique (Scheme  2-6). [131] This 
Results and Dissussion 
74 
 
way of PEM processing is now one of the most versatile and efficient ways to build up 
films with required properties and well-controlled thickness. Although the basic idea of the 
PEM is fairly simple, the theoretical description is quite complex because of the long range 
of the Coulombic interaction attaching layers to each other and the conformational changes 
of both polyions during interactions. In this work, it was tried to prepare stable 
biocompatible PEMs, which are composed of the very weakly charged polycation PEI-Mal 
of the two different structures PEI-Mal-B and PEI-Mal-C and two different polyanions 
have been used, HE-Na+ and HA-Na+ (Scheme  4-1). Two different systems have been 
fabricated: (i) the first system is weak/strong system, where PEI-Mal was assembled with 
the strongly charged HE-Na+. (ii) The second system was weak/weak system, where PEI-
Mal-C was assembled with the weakly charged HA-Na+. Three different approaches, 
Approach A, B and C (Scheme 4-2) have been used in the preparation of these PEMs. 
Approach A, B and C fabrication strategies are shown in Experimental, Section 6.1.5.2. 
 
 
 
Scheme  4-2.  Schematic diagram represents PEM approaches: Approaches A, B and C 
used in PEMs fabrication. 
 
4.3.1.  PEM deposition mechanism 
 
The successive growth progression has been investigated in a plenty of published 
papers. [162, 321]  They illustrated that the self-assembly ML films does not grow as a 
successive superposition of interacting polymer layer, such as puff pastry but they exert a 
kind of inter-diffusion processing. The principal findings in this section can be helpful in 
attempting to rationalize the observed data later on. Scheme  4-3 represents the successive 
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PEM deposition.  Scheme  4-3 represents that even after coating silicon substrate with the 
positively charged PEI-25k, parts of silica surface remain free of polymers. However, 
precoating diminishes the free uncompensated parts of substrate and reduces the force 
exerted by the substrate on true PEM. This coating strongly raises surface charge density 
and reverses its charge from negative to positive, which is totally ready to welcome the 
contrary charge and the first layer (negative charge). In the second step, the deposition of 
PEI-Mal took place exclusively through electrostatic interaction with the predeposited 
polyanion molecules forming aggregates.  
 
Scheme  4-3. Scheme shows PEM step deposition mechanism on precoated positively 
charged substrate. First layer (a), second layer (b), third layer (c). Substrate is Si-wafer 
with additional thermal oxide (SiO2) layer coated with PEI-25k. Adapted from Reference 
[321] 
 
For further deposition, when the polyanion is introduced for the second time, the 
molecules could adsorb both on the bare of the coated substrate and on the charged 
aggregates. This kind of complexation which might be found due to the interaction 
between polycations and polyanions form what is the so called bloblike structure. The 
more the order of bloblike structure increased, the more the formation of the valleys and 
islands are possible. On addition of new PEs and as layering up continued on and on, these 
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islands start to coalescence and mutually merge setting a continuous film. After each 
deposition step it could be logically understandable that the reversal charge to the last layer 
is managed. Dejeu et al. have been investigated that the surface always takes the charge 
sign of the last deposited polymer. [321]  
 
4.4. Weak/strong system PEM (PEI(HE-Na+/PEI-Mal)n) 
4.4.1. PEM (PEI(HE-Na+/PEI-Mal)n) fabrication 
 
For further understanding the weak/strong system, PEM is fabricated by using PEI-
Mal as a weak polycation counterpart, while the polyanion in this system is HE-Na+. There 
are three types of acidic functional groups in the HE-Na+ polymer. The sulfate monoesters 
and the sulphamido groups (SO3¯ ) are both highly acidic, having pKa value ranging from 
0.5 to 1.5. Less acidic are the carboxylate groups (COO¯ ) of various unsulphated and 
mono-sulphated uronic acid residues, having pKa values of between 2 and 4. [322] Dukhin 
et al. have shown that the surface potential of PEM is dependent on its bulk composition 
and that the surface charge is lower than the intrinsic charge of the respective PEs in 
solution.[323] In addition, the isoelectric point (point of zero charge) could be an indicator 
for layer interpenetration as it is located between the pKa of HE-Na+ (pKa∼ 3)  [262] and 
that of both the positively charged groups (ammonium groups) for PEI-Mal-B (pKa ∼6.8) 
and for PEI-Mal-C (pKa∼ 8.3). [313]  Around this pH value, the charge density of the 
polymer decreases and the backbone becomes almost neutral in more basic solutions. On 
the other hand, the appearance of negative potential of PEI-Mal-B and PEI-Mal-C in the 
basic solution (pH =7.5 from there on) give the inspiration that acidic HE-Na+ are not 
efficiently screened by the large PEI-Mal molecule. It must be taken in account that the 
negative potential in basic solution for PEI-Mal-B is higher than that of PEI-Mal-C.  
 
4.4.2. Results for weak/strong system: growth regime and thickness 
 
As shown in Section 4.1.3, in case of PEM (PEI(HE-Na+/ PEI-Mal-B)n), PEM 
optimized assembly mass ratio for PEI-Mal-B: HE-Na+ was 20:1. However, in case of 
PEM (PEI(HE-Na+/ PEI-Mal-C)n), the PEM optimized assembly mass ratio for PEI-Mal-
C: HE-Na+ was 7:1. These concentration ratios have represented the right charges affinities 
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for PEI-Mals and HE-Na+ at which PEM (PEI(HE-Na+/ PEI-Mal)n) has been already 
fabricated. 
  
  
Figure  4-8. Progression of film thickness versus number of adsorbed bilayers during the 
fabrication of final PEM (PEI(HE-Na+/PEI-Mal)50) with 50 bilayers: (a) bilayers with PEI-
Mal-B and (b) bilayers with PEI-Mal-C fabricated by Approach A, B and C (Scheme  4-2). 
Ellipsometric measurements were performed in dry state. Solid lines are fits of theoretical 
bases related to the growth regime. 
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thickness (Figure 4-8 a)  for PEI-Mal-B and (Figure 4-8 b) for PEI-Mal-C. PEM growth 
mechanism was followed by using Cauchy model on a surface of thermal oxidized silicon 
wafer of thickness 27-30 nm measured by ellipsometry. A well-defined and reproducible 
PEM (PEI(HE-Na+/PEI-Mal-C)10) is shown in Appendix, Figure  8-9. These latter 
successive depositions have been measured via in-situ ATR-FTIR measurements 
(Appendix, Figure  8-9). In the case of PEI-Mal-B, the thickness of the PEM increases 
from 5 to 50 bilayer depositions for the Approach A, B and C (Figure 4-8 a). Surprisingly, 
there was nearly similar PEM thickness for all proposed approaches starting from about 
∼70 up to ∼175 nm for all the three approaches. For a closer look to PEM (PEI(HE-
Na+/PEI-Mal-B)50) fabricated by Approach A and C, a “pseudo-linear” PEM's growth with 
a thickness revealed to a plateau-like occurred between 10 to 25 bilayer deposition 
followed up by linear thickness growth from 30 to 50 bilayer depositions. This means that 
the linear PEM growth for the whole 50 bilayer deposition was partly suppressed due to 
plateau-like growth thickness in the middle of bilayer formation for Approach A and C 
(Figure 4-8 a ). In contrary for Approach B, linear growth is shown in (Figure 4-8 a). The 
thickest PEM was that fabricated by Approach C with bilayers thickness increased from 
∼77 nm for 5 bilayers till ∼175 nm for 50 bilayers. There were no great thickness 
differences between Approach A and Approach C. Both approaches were built-up on the 
same precoating conditions (PEI-11). In case of Approach A, bilayers were measured by 
ellipsometry to give thickness of about ∼73 nm and ∼165 nm for 5 and 50 bilayers, 
respectively. In contrary, in case of Approach B, bilayers were ellipsometrically recorded 
in the range of ∼44 nm and ∼139 nm for 5 and 50 bilayer depositions, respectively (Figure 
4-8 a).  
 
On considering the PEM's growth and thickness for PEI-Mal-C illustrated by 
ellipsometric measurements, a remarkably different 50 bilayer deposition for the 
Approaches A-C (Figure 4-8 b) was provided in comparison to those fabricated by  PEI-
Mal-B (Figure 4-8 a). It was roughly estimated from Figure 4-8 b that upon using 
approaches A, B for PEI-Mal-C, a kind of exponential PEM growth was observable. From 
5 till up-to 40 bilayer, PEM thickness increased exponentially. In case of Approach A, 5 
bilayers was measured by ellipsometry to give ∼73 nm, PEM was reproducibly increased 
till 50 bilayers of thickness  ∼1.29 µm. PEM fabricated by Approach B gave lower 
thickness compared to Approach A. In case of Approach B, 5 bilayers were recorded in 
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thickness of 32 nm and then PEM was increased till reaching 50 bilayers of thickness 
∼1.13 µm. There was a transition in PEM growth regime from exponential, in case of 
Approaches A and B, to linear, in case of Approach C. Thickness for Approach C was 
suppressed and returned back to the nano-range. PEM thickness fabricated by Approach C 
for 5 bilayers and 50 bilayers deposition was ∼90 nm and ∼185 nm, respectively (Figure 4-
8 b). One of the most interesting results, that when PEI-Mal was slightly more protonated 
to pH 4, no PE mass deposition and PEM fabrication have been observed on the surface of 
the planar substrate. The theoretical solid lines (Figure 4-8) were considered as fit lines. In 
Figure 4-8 a, for Approach A and B and when describing PEM formation of PEI-Mal-B, 
the solid straight lines from 30 to 50 bilayers follow linear equation (y = a+ b* x) with slop 
value 1.94. The point standard error is of value 3.3 nm. However, the slop value and the 
point standard error for Approach C was 2.10 and 3.9 nm, respectively. In Figure 4-8 b, 
when applying PEI-Mal-C for PEM  formation, the theoretical line for Approach A, B 
followed the  exponential equation y= a*exp.( b* X), in contrary the compacted Approach 
C followed the straight line equation with slop value 2.4 and point standard error 3.6 nm.  
 
4.4.3. Discussion for weak/strong system: growth regime and thickness 
 
In discussing the PEM behavior in case of PEI-Mal-B, it is difficult to say that this 
plateau-like growth, for PEMs fabricated by Approach A and C, was only due to substrates 
effect. However, the most reliable reason for such ‘’pseudo-linear’’ growth may be due to 
the mismatch and lower charge affinities between PEI-Mal-B and HE-Na+. HE-Na+ charge 
density is considered to be three times that of PEI-Mal-B (Table 4-3). To overcome this 
mismatch, HE-Na+ concentration (0.05 mg mL-1) was lowered toward that of PEI-Mal-B 
(1mg mL-1) with stoichiometric ratio of 20:1. According to the fact that PEM films self-
assemble is thanked to interactions between the negative and positive groups and to the 
entropic gain associated with these associations. In addition to latter, HE-Na+ is considered 
as a strong polyanion, whose charge density is fixed on variable ranges of pH values. 
Moreover, PEI-Mal is considered as a weak polycation, its charge density varies with the 
acidity of the aqueous solution. This preparation procedure give the inspiration about the 
internal structure of PEM (PEI(HE-Na+/ PEI-Mal-B)n). One can imagine that PEI-Mal-B 
chains were more flexible than that of HE-Na+ (rigid scaffold) and can partially diffuse in 
and out the system. However, the HB properties and the ellipsoid shape of PEI-Mal-B have 
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to be taken in account. In case of Approach C, PEI-Mal-B was higher protonated than in 
case of Approach A and B. Thus, PEM thickness fabricated with Approach C was affected 
and appeared to be thicker than Approach A and B. The marginal thickness increase for 
PEM fabricated by Approach C (≤ 10nm) and the lower MSE values measured by 
ellipsometry may give the inspiration that the increase in PEM thickness is due to active 
volume concept and not to active surface concept (Section 2.4.5). In summary, for the 
protonated PEI-Mal-B at low assembly pH (pH 5.5), a higher charge density can be 
supposed which in turn should foster the adsorption of HE-Na+ (Scheme 4-4) . In contrary 
, in Approach A and B, PEI-Mal-B ( higher assembly pH 7.5) should possess a lower 
positive surface charge, which provides less electrostatic attraction resulting in the 
reduction of HE-Na+ adsorption. These findings explain indeed the increase in PEM 
thickness for Approach C compared to A and B. However, the marginal thickness 
differences possessed by Approach C against the other two approaches are not enough to 
assume for PEM inner structure. In addition, it was expected for the approach C to switch 
in its growth regime to a regular fully linear mechanism, but this was not the case here 
(Figure 4-8 a). On the basis of these results, suggestion for further more experiments and 
investigations should be under consideration. Moreover, the difference between the growth 
behavior of Approach A and C (pseudo-linear) to that of Approach B (linear) also needs 
more investigation  
 
 
Scheme  4-4. Simplified schematic diagram shows an imaginary assumption for PEM 
switching from the exponential to linear in case of Approach C. 
 
 Growth regime transition and materials conformational changes were more 
obvious in case of PEM with PEI-Mal-C than that of PEI-Mal-B. A typical exponential 
growing regime in case of Approaches A and B has been observed Figure 4-8 b. As a 
consequence, many charges in PEM (PEI(HE-Na+ /PEI-Mal-C)50) for Approach A and B 
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are not compensated and an excess of negative charges from HE-Na+ are existed. This 
without doubt affects the growth regimes for both approaches due to the folding 
mechanism for the linear highly charged HE-Na+ toward the large molecular sized 
hyperbranched PEI-Mal. Taking in account that there is still a degree of flexibility exerted 
by PEI-Mal-C (pH=7.5-8). From 5 till up-to 40 bilayer, deposition is exponentially 
performed. This irregular deposition and increasing of PEs mass adsorption are suddenly 
followed by a stopping in the PEM growth from 45 to 50 bilayer depositions (Figure 4-8 
b). This may imply that the charge density of one PE, probably of the cationic PEI-Mal-C, 
plays a deciding role after 40 bilayer deposition. From this point it is assumed that, the 
outermost cationic surface charge of the PEM is too small to allow a further (continuous) 
thickness growth for PEMs. In this context, several previous investigations have shown 
that there is a critical minimum charge density, below which no multilayer growth is 
possible. [9, 159]  
 
This exponential growing regime for Approaches A and B was converted to linear 
one once changing the fabricating approach to Approach C.  In case of Approach C, PEI-
Mal-C was protonated and exerted higher cationic charge than before which in turn 
increase the charge affinities between PEI-Mal-C and HE-Na+.  Moreover, most of the 
uncompensated negative charges for HE-Na+ were partially compensated which directly 
lower the flexibility condition of PEI-Mal-C and the folding behavior of HE-Na+. In turn, 
PEM growth regime was converted from the exponential micrometer regime to linear 
nanometer growth regime (Figure 4-8 b). As a result it can be concluded that by simply 
controlling the assembly pH and the charge density, it is possible to control PEM 
thickness. However in some cases, the complete destruction of PEM is processed. One of 
the most interesting results is that when PEI-Mal was more protonated (pH 4.5), the charge 
affinities between PEI-Mal and HE-Na+ were totally disturbed due to the presence of high 
electrostatic screening effect. Namely it can be presumed that screening of electrostatic 
interaction enhances the charge affinities between the polyions, but this can be predicted 
only till reaching a critical value, above which the whole PEM dissociation is expected.  
 
For Approaches A and B to fabricate PEM (PEI(HE-Na+/PEI-Mal)50), the only 
illustrated difference between these two approaches is in the precoatings zone. In case of 
approach A, the precoating was PEI-11 which yielded a mean thickness of ∼ 60 nm, while 
for approach B, the precoating was PEI-9.5 which yielded a mean thickness of ∼ 30 nm 
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(Experimental, Section 6.1.5.2). In case of PEM (PEI(HE-Na+ /PEI-Mal-B)50) and if we 
ignore such plateau-like growing, PEM fabricated by Approach A has thickness 
pronounced by order of ∼30 nm at the first 5 bilayers than that of Approach B. This 
thickness difference decreased gradually during the layering up till reaching ∼10 nm after 
50 bilayer depositions. These results can be relied on to two different reasons: (i) The first 
and the easiest explanation is related to the starting thickness at 0 time (precoating 
thickness), where the difference between two precoatings was of value ∼30nm and this 
difference in precoating thickness lasted with error value till reaching the 50 bilayers.  (ii) 
The second explanation and the more reliable reason is that in case of PEI-9.5 there are 
still some free uncompensated spaces on the surface of substrate as that has been discussed 
in (Scheme  4-3). However, substrate compensation via PEM counterparts (PEI-Mal-B and 
HE-Na+) affects negatively the final PEM thickness. This starting difference gradually 
decreased with the further layering up, which gives an impression that the short forces 
induced by charged substrate disappeared gradually as layering up goes on further.  
 
Another interesting feature for Approach A and B for PEM (PEI(HE-Na+ / PEI-
Mal-C )50) is the exponential PEM growth. Figure 4-8 b emphasizes PEM fabricated by 
Approach A and B are with difference in thickness value of ∼40 nm in case of the first 5 
bilayers. This difference value was gradually increased till reaching 50 bilayers with 
thickness difference of order ∼ 158 nm. These findings are in agreement with our second 
explanation for the case of PEI-Mal-B, that the forces induced by the substrate affected the 
final PEM thickness. This may be due to the mismatch between charge affinities of PEM 
counterpart. A similar situation has been discussed by Bosio et al. [324] when they 
prepared PEM (PAH/PSS) of 8 layers. On investigation, they compared between PEM with 
PEI-25k precoation and another without precoating. In principle, they found that the silica 
influence is present for the first few deposited layers (5 layers), however this influence is 
diminished as they go further away from the substrate. [324] In our case the situation was 
more complicated due to the differences in the polyanion and the polycation charge 
affinities for the both case PEI-Mal-B and PEI-Mal-C. Thus not only the substrate decides 
the growth regime of the first layers, but also different other parameters, e.g. charge 
densities, polymer segment, pH, molecular weight, solvent molecules, non-electrostatic 
affinities, processing…etc.  
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4.4.4. Topology and homogeneity of weak/strong system characterized by AFM 
 
In order to understand the qualitative differences between Approaches A-C, the 
topography of the surfaces was investigated by means of AFM. Tapping ModeTM AFM 
images have been taken in dry state for lateral dimensions of 2 and 10 µm2. All approaches 
were investigated for 10 and 50 bilayers. AFM images (Appendix, Figure 8-10- 8-16) 
have shown that the surface coverage of PEM increased continuously with every 
adsorption cycle.  AFM imaging of PEM (PEI(HE-Na+/PEI-Mal-B)n) fabricated by 
Approach A has shown holes in case of 10 bilayers (Figure 8-10). These holes were of 
sizes around 30-50 nm. It was very surprising that in the case of Approach A for PEI-Mal-
B, the formation of holes was observable in the early stage of low number of bilayer 
deposition (Appendix, Figure 8-10 a, b). However, they were progressively filled with 
increasing the number of bilayer cycles (Appendix, Figure 8-10 c, d). These holes for 
PEM (PEI(HE-Na+/PEI-Mal-B)10) fabricated by Approach A disappeared when PEM 
build-up proceeded on the surface of Si-IRE (Appendix, Figure 8-11). Although, one 
cannot completely exclude that hole formations which also may be exist in all other PEM 
approaches (Appendix, Figure 8-12 - 8-16), but AFM study gave no obvious indication to 
this point. Such defects were more pronounced in case of PEI-Mal-B than PEI-Mal-C. This 
may be relied on the lower charge affinities of PEI-Mal to HE-Na+, whereas in case of PEI-
Mal-C this kind of affinities were more enhanced than that of PEI-Mal-B (Table 4-3). The 
data discussed in Table  4-4 give more information about precoatings and PEM roughness 
(rms). It was shown that PEI-9.5 is significantly rougher than PEI-11 layer (Figure  4-6, 4-
7).  
 
All approaches share similar features in PEM roughness and homogeneity. Thus, in 
case of PEM of 10 bilayers, although the prepared films were uniform macroscopically, 
they were not homogenous on the micrometer scale. Generally, PEMs with 50 bilayers 
were more homogeneous and smoother compared to those of PEMs consisting of 10 
bilayers. In case of 10 bilayers, there was eventually no great difference in the surface 
roughness by means of root mean square (rms) values whether for PEI-Mal-B or PEI-Mal-
C (Table  4-4). It is worth to mention that PEMs with 50 bilayer for PEM (PEI(HE-
Na+/PEI-Mal-B)n) were slightly rougher (rms of ∼15 nm for Approach A) than PEM 
(PEI(HE-Na+/PEI-Mal-C)n)  (rms of ∼2 nm for Approach A). In all cases, the demonstrated 
roughness for approach C was the highest. These findings may be due to the PEI-Mal 
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protonation and the presence of the free counter ions compared to Approach A, whereas 
both Approach A and C are built-up on the same precoating conditions (PEI-11).  
 
Table  4-4. Root mean square (rms) for PEMs PEM (PEI(HE-Na+/PEI-Mal)n)  of 10 and 50 
bilayers calculated by means of AFM. The rms was calculated for the lateral dimension of 
10µm2. 
  rms [nm] 
Approaches PEI-25k Thickness 
[nm] 
Precoating 
A,C PEI-11 58 11.0 
B PEI-9.5 31 28.1 
  Bilayers 
Approaches PEI-Mal 10 50 
A PEI-Mal-B 27.4 14.6 
B PEI-Mal-B 25.9 16.6 
C PEI-Mal-B 36.4 19.3 
A PEI-Mal-C 20.0 2.0 
B PEI-Mal-C 18.5 1.2 
C PEI-Mal-C 27.9 10.7 
 
 
4.4.5. Conclusion for weak/strong system: thickness, growth regime and topography 
 
In summary, PEMs formation in respect to different charge density between PEI-
Mal-B, PEI-Mal-C against that of HE-Na+ which built up on precoated surfaces. 
Precoating (PEI-25k) application enhanced thickness, uniformity and smoothness of the 
prepared PEMs surfaces as it has been proved by means of AFM. On the other hand, both 
PEI-Mal structures were suited to form PEMs with HE-Na+ attributed to PEM reproducible 
thickness although different stoichiometric mass ratios were used. Due to the higher 
cationic charge density of PEI-Mal-C than that of PEI-Mal-B, the film thickness of PEMs 
was much higher than that of PEMs consisting of PEI Mal-B when applying Approach A, 
B (Figure 4-8). In case of Approach C, where the assembled pH for PEI-Mal was 5.5 
(Scheme  4-2), at this pH value PEI-Mal was strongly charged, while for PEI-Mal at 
physiological pH 7.5-8,  the charge density was lower. It was roughly estimated that PEM 
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fabricated by Approach C for both PEM (PEI(HE-Na+/PEI-Mal-B) and PEM (PEI(HE-
Na+/PEI-Mal-C)  gives similar PEM thickness , although different charge densities 
between both cationic counterpart (Figure 4-8). In this study, the most surprising finding 
in the PEM characterized by ellipsometric measurements was certainly the occurrence of 
sharply defined regimes of different bilayer growth after changing the polycationic partner 
from PEI-Mal-B (Figure 4-8 a) to PEI-Mal-C  (Figure 4-8 b). Moreover, it has to be 
mentioned that highly reproducible PEMs were given by Approach A, B and C (Figure 4-
8), average data of three experiment series have been shown (Figure 4-8). For PEM 
(PEI(HE-Na+/PEI-Mal-B)50), fabricated with Approaches A and C, shows pseudo-linear 
growth with plateau-like growing up for bilayers between 10 to 25. PEM (PEI(HE-
Na+/PEI-Mal-B)50) fabricated by Approach B shows linear growth regim.  PEM (PEI(HE-
Na+/PEI-Mal-B)50) fabricated by Approaches C has shown a marginal increase in PEM 
thickness (≤10nm) than that of Approach A.  
 
Obvious growing transition has been established in case of PEM (PEI(HE-Na+/PEI-
Mal-C)50) (Figure 4-8 b) . Approach A and B for PEM (PEI(HE-Na+/PEI-Mal-C)50) have 
grown exponentially. Only when applying Approach C for PEM (PEI(HE-Na+/PEI-Mal-
C)50) , a real constant adsorption of PE can be recognized and thus a constant increase for 
PEM growth was in principle achieved till 50 bilayer depositions (green straight line - 
Figure 4-8 b). In other word, the molecular flexibility of the PEI-Mal-C macromolecules 
was partially destroyed at pH 5.5 due to the higher charging and thus the formation of 
thicker PEMs was not supported as it has been observed in the case of Approaches A and 
B. Intriguingly, in case of PEM(PEI(HE-Na+/PEI-Mal-C)50) fabricated with Approaches A 
and B, another interaction and organization characteristics between the anionic and 
cationic PE macromolecules to generate extremely thick PEMs can be assumed. Thus, the 
combination of different key issues, e.g. more rigid HE-Na+ scaffold, higher charge of PEI-
Mal-C than PEI-Mal-B at pH 7.5–8, and assumed higher molecular flexibility for PEI-Mal-
C than PEI-Mal-B at pH 7.5–8, was responsible for the extraordinary thick PEM 
formation.  
 
The presented data have indicated a clear difference in the behavior of the 
deposited PEMs for both PEI-Mal-B and PEI-Mal-C. Since the charge of strong polyanion 
HE-Na+ is not pH dependent, it was suggested that the differences in film thickness and 
structure originates from pH effect on charge density and conformation of PEI-Mal 
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molecules. Overall, we can conclude that the pH of the PEI-Mal-C solution and its rigidity 
were preferentially governing higher film thickness of PEMs consisting of PEI-Mal-C and 
HE−Na+. In contrary, the formation of PEMs consisting of PEI-Mal-B and HE-Na+ was not 
dominated by one PE as it has been observed in PEM (PEI(HE-Na+/ PEI-Mal-C). Similar 
explanation for this specific PEM formation may be applied to other kinds of PE complex 
especially whose are tailored with counterpart polyions of different molecular shapes and 
charge affinities. Overall, from the results of these characterizations based on ellipsometry 
and AFM study it is difficult to conclude which fabrication approach (Scheme  4-2) can be 
the most efficient for achieving stable PEMs under physiological conditions. More stability 
and swelling investigation in different charged-free and charged buffer will be presented 
later on (Section 4.6.1) 
 
4.5. Weak/weak System PEM (PEI (HA-Na+/PEI-Mal)n) 
 
In order to present polyelectrolyte multilayer fabricated with equal stoichiometric 
ratio, weak/weak system has been investigated. PEI-Mal-C and HA-Na+ represent 
polycationic and polyanionic counterparts, respectively, in week/week system.  A 
mechanism was outlined where biopolymer thin films can be electrostatically adsorbed 
under highly charged “sticky” conditions and then quickly transformed into stable well 
controlled films simply by altering the pH environment. HA-Na+ and PEI-Mal-C are both 
classified as weak PEs, only partially charged at moderate pH near their pKa. The pKa of 
HA-Na+ carboxyl groups is 2.9–3.5 of total mass concentration of 0.5mg mL-1 and pH 7. 
[325, 326] The pH and ionic strength environments greatly influence the physicochemical 
properties of these polymers in solution. Thus, in turn it is believed that such changes will 
impact the properties of PEM (PEI(HA-Na+/PEI-Mal-C)n), where n is bilayers number. 
 
4.5.1.  Results for weak/weak system: growth regime and thickness 
 
In exact similar conditions as in weak/strong system (Section 4.4), weak/weak 
system was built up via the well-known Approaches A-C (Scheme  4-2). To elaborate on 
the relationship between the film assembly pH and PEs inter-diffusion induced surface 
mobility of PEI-Mal and HA-Na+, PEM (PEI(HA-Na+/PEI-Mal-C)n) growth thickness has 
to be measured by stepwise ellipsometric measurements. PEM growth mechanism was 
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followed by using Cauchy model on the surface of thermal oxidized silicon wafer of 
thickness 27-30 nm measured by ellipsometry (Figure 4-9). The thickness of PEM was 
strongly influenced by the degree of polymer charge and assembly pH of the PE solution 
during preparation. In case of weak PEs both PEM charge surface and the charge of the 
adsorbing chain were modified simultaneously by changing the pH of the dipping solution. 
Well-defined PEMs have been fabricated by the introduction of the multilayer concept 
based on the sequential adsorption of the two polymer species PEI-Mal-C and HA-Na+, 
where it was previously proved that both have high charge affinities to each other 
(Figure  4-4 and Appendix, Figure 8-5). Therefore the preparation concentration ratio for 
polyanion: polycation was 1:1 using 0.5 mg mL-1. The thickness of the PEM increases 
from 1 to 25 bilayer depositions for the Approaches A -C (Figure 4-9).  
 
 
 
Figure  4-9. Progression of film thickness versus number of adsorbed bilayers during the 
fabrication of final PEM (PEI(HA-Na+/PEI-Mal-C)25) with 25 bilayers fabricated by 
approaches A-C. 
 
Figure 4-9 shows PEM (PEI(PEI-Mal-C/HA-Na+)25) fabricated by Approaches A-
C. In case of Approach A: the first bilayer was detected to be ∼65 nm, while 25 bilayers 
were 1.44µm. similarly for Approach B, for the first bilayers and 25 bilayers, the thickness 
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was ∼74nm and 1.43µm, respectively. The measured thickness for PEM (PEI(PEI-Mal-
C/HA-Na+)25) fabricated by Approach C, were of values ∼74 and ∼479 for the first bilayer 
and 25 bilayers, respectively. Thick films have been obtained for all the usable approaches 
A-C, with a rather well-controlled thickness. However, the lowest thickness was 
encountered for Approach C with about ∼479 nm for 25 bilayer depositions. It was 
difficult in case of Approach A and B to follow the building up of PEM (PEI(HE-Na+/PEI-
Mal-C)n)  for more than 25 bilayers using ellipsometry, because further PEM was totally 
opaque and lost its shinny surface. It was obviously observed from Figure 4-9 that PEM 
(PEI(HA-Na+/PEI-Mal-C)25) converted from one growth regime to another and in between 
there was a switching point. According to this observation it was important to investigate 
such PEM by calculating differences between the measured bilayers thickness and 
investigate the area before PEM growth transition (1st bilayers to 9th bilayers) for 
Approaches A-C (Appendix, Figure 8-20 a). It was observed that PEM has grown in 
anomalous phase and this was followed by a switching point at the 10th bilayer, which in 
turn was followed by approximately constant growing regime (Appendix, Figure 8-20 a). 
For the area exist before the switching point (Appendix, Figure 8-20 a), the growing 
regime for bilayers 1st to 9th was irregular with fast increase in PEM thickness for 
Approaches A, B and C (Appendix, Figure 8-20 a). Appendix, Figure 8-20 b shows the 
area before growth transition which shows an agreement what previously stated. 
 
4.5.2. Discussion for weak/weak system: growth regime and thickness 
 
Weak/weak system with counterpart of equal stoichiometric ratio (1:1) has been 
built up in the same way as in weak/strong system (Section 4.4). Hyaluronic acid is 
considered as weak polyanion, its charge density varied according to its pH. Light 
scattering analysis has shown that HA solutions in acidic media degrade randomly. [278] 
Also at an alkaline pH random chain scission occurs. [325] As it has been explained in 
Section 2.11.2, at alkaline pH, hydrogen bonds which take part in the structural 
organization of HA chains are destroyed, which results in a large loss of the intrinsic 
stiffness and the formation of a more compact, flexible random coils. [278] These 
observations gave more interesting features for more investigations. In other word, on 
varying assembly pH value of HA-Na+, it can adopt complex secondary conformational 
ordering. The ability to change the conformation of the adsorbing HA-Na+ chains with 
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different pH values strongly affects the bulk properties of the films. PEM (PEI(HA-Na+/ 
PEI-Mal-C)25) was built-up via changing assembly pH values of HA-Na+ opponent to that 
of PEI-Mal-C (pH 7.5 and 5.5). Firstly, HA-Na+ solution was adjusted to pH 5.5 (acidic 
medium) and secondly HA-Na+ pH was adjusted to pH 8.5 (alkaline medium). It was 
investigated that in both assembly pH for HA-Na+ (acidic or alkaline) no PEM was 
observed onto the surface of substrate. In case of HA-Na+ acidic assembly pH, it was 
expected that no layers will be created since in this case the charge density of polyanion is 
lower than that its neutral pH value. In case of alkaline HA-Na+, it was expected that stable 
PEM will be established when alkaline polyanionic HA-Na+ countered the protonated 
polycationic PEI-Mal-C at pH 5.5. Since, both of polyions have the highest charge density, 
the highest charge affinities toward each other and the same stoichiometric ratio toward. 
Unfortunately, the whole PEM was also destroyed. These observations may help in 
emphasizing the previous observations related to HA-Na+ responds toward different pH 
values. Destroying HA-Na+ backbone and losing it steric nature and conformational 
changes are higher than it has been expected (Section 2.11.2). But to answer the question: 
Why PEMs of acidic and alkaline HA-Na+ pH assembly did not reproduce on surface of 
the charged substrate? More investigations have to be performed in this direction. The 
successful PEM build-up was achieved only when HA-Na+ was assembled at its 
physiological pH value (pH 7.5) with PEI-Mal-C (pH 7.5 and 5.5). Therefore, HA-Na+ 
prefers to keep its nature than its charge density being adjusted against the PEI-Mal-C to 
build up PEM (PEI(HA-Na+/PEI-Mal)25) fabricated by Approach A, B and C. 
 
Scheme  4-5.  Simplified represents the internal structure of PEM (PEI(HA-Na+/PEI-Mal-
C)n) for approaches A-C, where two different growth mechanisms are quietly exist in the 
same system, i.e. n represented the number of bilayers. 
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As it has been discussed previously, both PEI-Mal-C and HA-Na+ in their neutral 
pH have a certain degree of flexibility. This segments flexibility affects in turn the PEM 
growth mechanism and the reproducibility.  Figure 4-9 gave a rough estimation about the 
growth regime of PEM (PEI(HA-Na+/PEI-Mal-C)25).The construction of PEM (PEI(HA-
Na+/ PEI-Mal)25) took place over two buildup regimes. The first one is characterized by the 
formation of anomalous layer thickness increase, Figure 4-9 was zoomed-in in Figure 8-
20 b, showing only the first stage of the building up till 9th pair deposition. The second 
regime has started once reaching the 10th pair deposition. The PEM regime was switched to 
linear growing up regime, where the bilayers increased monotonically in thickness (Figure 
4-9). The only logical explanation for this phenomenon is due to the segment flexibility for 
both counterparts, that both HA-Na+ and PEI-Mal-C were diffusing in-and-out of PEM 
structure. This kinetic transition helps to produce PEM that contains two diffusing species 
simultaneously in the same structure (Scheme  4-5). This also has implications for the 
dynamics: while the inner layers are very stable and rigid due to the motional restriction of 
the multiple electrostatic interactions, however the outer layers part is less dense and much 
more mobile (Scheme  4-5). This growing up regime has been shown for the three 
approaches but it was less pronounced in case of Approach C (Figure 4-9). These results 
can remarkably explain that there was a kind of combination between outer interdiffusion-
anomalous and inner restructured-linear growing layers in one PEM by alternating 
deposition of PEI-Mal-C/HA-Na+ (Scheme  4-5). As it has been discussed previously that 
PEM transition from one growing regime to another happened when one or both PEM’s 
PEs are diffusing in and out of PEM structure. In case of Approach C: protonated PEI-Mal-
C gain some stiffness portions, which in turn are restricted its flexibility and interdiffusion 
to the inner bulk of PEM structure. Meanwhile HA-Na+ was still in its worm-like shape at 
pH 7.5 and did not hinter its in and out diffusion feature. This help to compensate the 
excess cationic charges, not only for the outermost layer but also the entire PEM structure. 
In contrary for Approach C: total transition to kinetically blocked regime has been 
observed, where PEI-Mal-C lost part its flexibility (Figure 4-8 b). As it has been discussed 
in Section 2.11.1, HE-Na+ is characterized with its rod-like structure. However in 
weak/weak system, Approach C is still enjoying two different growing up regimes 
(Appendix, Figure 8-20 a). In the discussion of weak/strong system it was proven that the 
growing regime was greatly depending on the pH of the polycation PEI-Mal, while in case 
of weak/weak system, both polyions are weakly charged, their charged densities changed 
according to their solution pH and this in turn affects PEM growing behavior. The higher 
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thickness which was demonstrated in case of Approaches A and B was greatly diminished 
by factor 3.5 comparing to that PEM fabricated with Approach C.  
 
It is important to attract reader attention to Approaches A and B and to have a small 
comparison between weak/weak and weak/strong systems. The situation in case of 
weak/weak system was totally different than that of weak/strong system. In case of 
weak/weak system, the effect of the precoatings PEI-11 and PEI-9.5 were not clearly 
shown in (Figure 4-9), especially after transition, in contradiction to what have been 
already discussed for weak/strong system (Figure 4-8). These results may imply that the 
growth regime and the PEM thickness are greatly influenced by the coated substrate when 
PEM counterpart charge affinity to each other is weak and there is a large mismatch 
between both used polyions. However in case of weak/weak system, PEI-Mal-C charge 
density is slightly increased than that of HA-Na+ (Table  4-3). This affected both the 
stoichiometric ratios and PEM growth mechanism; in addition it neglected the effect of 
precoatings on the true fabricated PEM. Therefore both Approach A and B were similar 
despite the different beginnings.  
 
As has been well reported in literature, the inter-diffusion of PEs can be found 
specifically in the superlinearly or exponentially growing films of LbL deposition. This 
work results were been also observed by Madaboosi et al. in 2012, [166, 327] although 
they have used PEM of weak/weak system using PLL and HA (PLL/HA)n , n = 12- 96 pair 
deposition. The PEM was built by using the dipping method. Both polyions were of linear 
chain structure. They measured PEM (PLL/HA)n thickness, in order to better understand 
their growth behavior. Two methods were used to determine the thickness. The first one 
was the scratch-and-scan method. It was comprised by the removal of a small part of the 
film and subsequent imaging the surface with a scanning probe AFM.  The second method 
was the full-indentation method. The total penetration depth in a force measurement has 
already been used to determine the thickness of nanometer-scale coatings. They compared 
both methods together in order to confirm their results. Their PEM was highly 
reproducible. The film thickness increased with a quiet high rate from about 0.4 to 7µm for 
n= 12 and n= 96 bilayers deposition, respectively. They explained this high reproduction 
and increase in PEM thickness, that PEMs (PLL/HA)n are known to be highly hydrated 
and less ordered. It has been previously suggested that they grow exponentially up to a 
certain bilayer number and thereafter the growth regime switched to linear one. For the dry 
Results and Dissussion 
92 
 
state, a transition from exponential to linear growth was observed for n= 10 -18 depending 
on the PE molecular weight. [153, 169, 328]  
 
In 2008, Yoo et al. [329] also studied the phenomenon of the inter-diffusion and the 
mobility of PEs during the electrostatic LbL assembly and that the inter-diffusion can 
particularly affect the final morphology and structure of the desired PEM. They investigate 
a self-assembled PEM of LPEI and PAA by adsorbing charged virus onto the surface of 
PEM. They reported that the high mobility of LPEI may be attributed to its relatively low 
pKa (100% secondary amines with pKa ∼ 5.5, [330] compared to the higher pKa of primary 
amines (pKa ∼ 9.0-10.0) in polycation such as poly(allylamine) or other primary amine 
containing polymers). [207] They also mentioned that one of the most advantages of using 
a weakly charged PE such as PEI is that its ionic interactions with other charged groups 
can be readily tuned by the manipulation of assembly pH. They focused on the pH range 
between 3 and 5.5 where LPEI exhibit notable changes in the degree of ionization and the 
structure stability of thin PEM LPEI/PAA was maintained. The inter-diffusion behavior of 
PEM LPEI/PAA during assembly led to very thick top layers (200-800nm, for 11 to 15 
bilayers, respectively) of PE on the ML surface once a certain bilayer thickness has been 
achieved. The top LPEI layer led to greater mobility because there was (i) a decreased 
effective ionic cross-link density between polymer chain segments in such films, enabling 
greater overall chain mobility within the film surface layer, and (ii) this thicker layer of 
more weakly associated LPEI chains in the top layer also led to more swollen, hydrated 
(i.e., plasticized) films. These two effects resulted in a surface on which mobility is greatly 
enhanced, compared to the surfaces of more compact thin films assembled under linear 
growth conditions. [329] 
 
Yoo et al. [329] investigated that the low roughness of PEM LPEI/PAA was likely 
due to the surface annealing effects of the mobile LPEI top layer under hydrated 
conditions, and that improved with increasing pH (decrease in rms roughness from 1.5 to 
0.3 nm with increasing the assembly pH 3 to 5 was obtained for the LPEI outermost layer 
in LPEI/PAA ML films deposited at this pH values). Intriguingly, film growth exhibited 
two different characteristics depending on the pH condition of film deposition: a linear 
growth profile under pH 3.5 (degree of ionization of LPEI 70% to 80%, pKa of LPEI 
5.5),[331] and a superlinear (exponential) growth above pH 4.0 (degree of ionization of 
LPEI was 60%). As the film deposition pH is increased, the PEM LPEI/PAA exhibited a 
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more prominent tendency toward exponential growth in thickness, which indicates the 
enhanced magnitude of LPEI interdiffusion for virus ordering. Under this condition, an 
increase in the number of bilayer deposition led to an increasingly thicker layer of top 
LPEI and greater mobility of the film at the top surface. On the other hand, at a lower 
assembly pH condition: the highly charged LPEI lacks the ability to inter-diffuse and is 
kinetically locked to the oppositely charged surface upon adsorption, much as a strongly 
charged PE rendered a linearly growing film. They also demonstrated that even the 
exponential growing films after reaching a thickness above 300-400nm, exhibit a linear 
growth characteristic. [329] 
 
4.5.3. Topology and homogeneity of PEM characterized by AFM 
 
The weak/weak PEM topology prepared by Approach A, B and C was investigated 
using AFM spectroscopy. Namely, film morphology and surface roughness are important 
parameters in determining the surface friction of fabricated PEM. PEM surface 
morphology was investigated with the AFM for 10 and 25 bilayers for all the three 
approaches (Appendix, Figure 8-17- 8-19). One of the most important characteristics of 
the images obtained by scanning AFM is 3D geometry of the objects which allows a 
detailed analysis of their morphology along the drawn profiles and performing 
morphometry (Appendix, Figure  8-17 - 8-19). It was deduced from AFM images that 
multilayers maintain a homogeneous structure and no cracks or pores have been observed 
on the PEM surface (Appendix, Figure 8-17 - 8-19), even for the lower number of bilayers 
(10 bilayers). Interestingly, rms calculated by AFM for all approaches was lower than in 
case of weak/strong system. The rms for PEM (PEI(HA-Na+/PEI-Mal-C)10) was of values 
18, 20 and 30 for Approach A, B and C, respectively. However for 25 bilayers, the rms 
values were 1, 5 and 10 for Approach A, B and C, respectively, where PEM has become 
really homogenous and flat.  
 
The represented PEM with highly smooth surface and lower rms values for all the 
fabricated approaches will be discussed according to similar published results. In this part, 
plenty of published data have discussed the role of polyions charge affinities and their 
properties on the smoothness of PEM surface. Picart et al. [153]  fabricate PEM of 8 
bilayers from PLL and HA. They reported that after an appropriate number of layering up 
depending on the kind of polyions and their charge affinities to each other, neither 
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individual islands nor islets were visible any more. All these structures seem to have 
coalesced, leading to the formation of an almost uniform film.[153] They also scratched 
the smooth surface of PEM (PLL/HA)8 and they found that underneath the ML does not 
behave as a hard but rather a viscoelastic gellike material. [153]   
 
 The properties of the outermost layer of the films are also dependent on the 
conformation of the absorbed chains. Such behavior is in accordance to the viscoelastic 
properties and the gel-like structure of HA-Na+. [332] The outermost layer for the PEM 
(PEI(HA-Na+/PEI-Mal-C)25) was HA-Na+, this profoundly affected PEM rms value. It was 
also reported by Zinoviev et al. [333] that the morphological structure of HA-Na+ was 
mainly represented by globular formations forming a branched 3D structure with 
complexes from tens to hundreds of nanometres in diameter. [333]  The surface 
morphology of the films with different ratios of HA-Na+ was investigated by AFM. Xu et 
al. [334] fabricate a hybrid film of chitosan (CHI) and HA-Na+  on a glass substrate. The 
film of pure CHI shows a relatively smooth surface morphology. Along with the 
incorporation of HA-Na+, the resulting films become rougher and aggregates can be 
observed on the surfaces. The size of these aggregates enlarged with the increase of the HA 
amount. [334] Also, Picart et al. [153] addressed that HA-Na+ deposited directly on a bare 
silica surface exhibit small globular structures of one hundred nanometers. [153] In 
addition, the surface chemistry of weak PEM films was sensitive to the PEM assembly pH 
value.  AFM microscopy studies revealed that the surface friction of a PEM (PEI(HA-
Na+/PEI-Mal-C)
 25) can be varied by as much as an order of magnitude depending on the 
assembly pH conditions. From Figures (Appendix, Figure  8-17 – 8-19) it can be observed 
that rms of Approach C > Approach B > Approach A.  
 
4.5.4. Conclusion for weak/weak system PEM progression 
 
In summary, it is important to know that the growing regime for PEMs mainly 
depends on: (i) kinetic interaction affinities between polyions (ii) conformational changes 
of polyions (iii) pH responsive effect that also affects weak polyions. In studying 
weak/weak system, linear restructured growing regime was observed where mixture of 
inner kinetically blocked restructured-linear and terminally anomalous top layers mixed 
together in the same built-up system. Weak/weak system fabricated by Approaches A-C 
showed a transition after the 10th layer deposition. However in case of Approach C, PEM 
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thickness was much lower than in Approach A and B and its transition was less 
pronounced. This was assumed to rely on the fact that PEM fabricated by Approach C, 
where PEI-Mal-C was protonated (pH 5.5) and gained more stiffness portion. Meanwhile, 
HA-Na+ (wormlike structure) was still in its neutral pH (pH 7.5), keeping its dynamic 
nature and mobility.  
 
With respect to functionalization, the anomalous growing parts of the constructed 
PEM can be used as containers for different biomolecules, allows cascades-like reactions 
and in particular seems to have a great potential for exchange processes. PEM/ATP loading 
and release will be shown later on (Section 4.7) 
 
4.6. Influence on swelling in Millipore water, NaCl and buffer solution  
 
The high stability of PEMs is attributed to the large number of electrostatic and 
non-electrostatic interactions formed between PEM counterparts in subsequent layers. 
However, if the strength of these single interactions is decreased, the probability of 
desorption of a full polyion chain increases and the overall layer stability is affected. In 
fact, in case of reduced polycation–polyanion interactions instable layers are found. One 
example is the swelling and reduction of the interaction strength in salt solution, which can 
eventually lead to layer deconstruction.[335, 336] Kovacevic et al. [198] have explained 
stability issues in terms of a phase diagram, which describes PEMs as a glassy state at low 
ion concentration Cion, ‘liquid-like’ at higher Cion, and uncomplexed at very high Cion, 
making the assumption of thermodynamic equilibrium (Section 2.6.2). The addition of 
polyions or salt to the ‘liquidlike’ phase leads to a shift into the phase of soluble 
complexes, and thus causes layer dissolution. Such a model picture shows the sensitivity of 
PEM stability on the strength of the interactions between single segments. The correlation 
of local interactions with overall ML properties is certainly a direction towards further 
descriptions of PEMs. [198] It is also worth to mention that equilibrium degree of PEM 
depends on the degree to which polymer network swell which is in turn governed by the 
elastic attractive force of the polymer chain, the thermodynamic compatibility of polymer 
and the swelling solutions features.[337] 
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One question that arises from Figure 4-8 and 4-9 was: what is the possible 
relationship between the growth regime of the PEM and its stability? To answer this 
question, it was important to test PEM stability for both weak/strong and weak/weak 
systems toward different pH values and ionic strengths buffer solutions. To elaborate on 
the relationship between the film growing regime and coherent surface stability of PEMs, 
the swelling behavior of all discussed systems was examined by stepwise ellipsometric 
measurements under the effect of NaCl (0.1M), PBS buffer and Millipore-water, for four 
successive days. 
 
4.6.1. Weak/strong system and swelling behavior investigated by ellipsometry 
4.6.1.1. Results: swelling and stability of PEMs in Millipore water and NaCl buffer 
solution 
 
In addition to study the dependence of the surface properties and PEM growth 
mechanism of PEM (PEI(PEI-Mal/HE-Na+)50) on different assembly pH values 
(Approaches A-C), bulk swelling behavior of these fabricated PEMs using immersion 
solutions of different pH and ionic strength must be investigated. Usually the degree of 
swelling was measured by the swelling ratio between dry and swollen conditions using 
ellipsometry. Degree of swelling %= 100 (dswollen state – ddry state)/(ddry state) (Experimental, 
Eq. 6-6). [338] The strictly focused point is to determine the swelling and stability of 
different PEMs composed of 50 bilayers deposition prepared by the Approach A, B and C. 
The level of swelling of PEMs in an aqueous or physiological environment is a critically 
important parameter, when intending to use PEM as a functional biomaterial coating for 
controlled drug delivery. PEMs (PEI(HE−Na+/PEI-Mal-B)50) prepared from salt-free 
solutions were soaked in salt-free immersion solution, e.g. Millipore water (Figure  4-10). 
Both PEMs (PEI(HE−Na+/PEI-Mal-B)50) and (PEI(HE−Na+/PEI-Mal-C)50) were also 
examined in salt solution, e.g. NaCl solution (0.1 M) (Figure 4-11) and in physiological 
PBS buffer (Figure  4-12). PEM (PEI(HE−Na+/PEI-Mal-B)50) fabricated by Approach A, B 
and C have been scanned for their swelling behavior in Millipore water for 4 days 
(Figure  4-10). These scanned figures directly presented the degree of stability over time. 
In case of Approach A, B and C the swollen thickness at zero time were ∼375 nm, ∼400 
nm and ∼465 nm, respectively. PEM fabricated by Approach C exhibited the highest 
degree of swelling. Burst PEs release has been associated for all fabricated approaches for 
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the first ∼15 min seen by PEM thickness reduction. PEM thickness for Approach A, B and 
C was reduced till reaching ∼260 nm, ∼310 nm and ∼450 nm, respectively. All approaches 
have shown after ∼15min a kind of high stability conditions in Millipore water 
(Figure  4-10).   
 
Figure  4-10. In-situ ellipsometric measurements of PEM (PEI(HE−Na+/PEI-Mal-B)50), 
fabricated by Approaches A-C, which represented time (min) versus film thickness (nm) 
for 50 bilayers deposition, soaked in Millipore water 
 
The stability which has been shown in charged-free medium was followed by 
another investigation. It was important to check swelling and stability in a charged 
medium. PEM (PEI(HE-Na+/PEI-Mal-B)50) and PEM (PEI(HE-Na+/PEI-Mal-C)50) have 
been immersed in NaCl (0.1M) for one day (Figure  4-11). In case of Approaches A and B, 
PEM (PEI(HE-Na+/PEI-Mal-B)50) has swollen to thickness of ∼500nm then degraded 
suddenly within no time (Figure  4-11a). However, in case of Approaches A and B for 
PEM (PEI (HE-Na+/PEI-Mal-C)50) , it has shown better stability than  PEM (PEI (HE-
Na+/PEI-Mal-B)50) in NaCl solution (0.1M). PEM (PEI(HE-Na+/PEI-Mal-C)50) has swollen 
to thickness ∼ 4000 nm, they stood steady over about 250 min and this was directly 
followed by a sudden PEM degradation (Figure  4-11 b). For (PEI(HE-Na+/PEI-Mal-B)50) 
and (PEI(HE-Na+/PEI-Mal-C)50)  fabricated by Approach C, They have shown a higher 
stability with no kind of degradation over the whole examined time (1 day). In case of PEI-
Mal-B and –C, both PEMs have swollen to thickness ∼500 and ∼530, respectively. PEMs 
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have shown no kind of burst degradation, they swollen form zero time and stood steady 
(stable) for 24 hours. 
 
Figure  4-11. Swelling and stability properties of PEM (PEI(PEI-Mal/HE-Na+))50 for 50 
pair deposition. PEMs have been fabricated by Approaches A-C and immersed in NaCl 
(0.1M) at pH 6.4 for 1 day. In situ ellipsometric measurements in respect to time (min) 
versus film thickness (nm) for PEM: a) PEI-Mal-B and b) PEI-Mal-C.   
 
4.6.1.2. Results: swelling and stability of PEMs in PBS buffer at pH 7 .4  
 
The most promising results can be observed for the PEM stability and swelling 
under physiological PBS solution at pH 7.4 and concentration, 137 ×10−3 M NaCl, 2.7 
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×10−3 M KCl and 0.01 M phosphate (Figure  4-12). Degree of swelling was calculated via 
equation shown in Table 4-5 and 4-6 (Experimental, Eq. 6-6). For example, the stability of 
PEMs in physiological PBS buffer was determined by the comparison of dry film thickness 
before and after swelling experiments (Table 4-5) and further indications of PEM stability 
can be obtained by analyzing the run of constant and/or inconstant refractive indices within 
this experiment series (Figure  4-12). In case of Approach A, PEM (PEI (HE-Na+/PEI-Mal-
B)50)  started with dry thickness of ca. 165 nm. This thickness was raised to reach ∼341 nm 
at zero time and then the swollen thickness was reduced after 96 hours to reach ∼146 nm 
(Table  4-6).  Degree of swelling (SD%) was calculated (Experimental, Eq. 6-6) to give 
value of about 107 % at zero time (Table 4-6). After 96 hours of immersion the dry 
thickness was re-measured by ellipsometry and it was reduced to record ∼60 nm with ∆d 
value of about 105 nm (Table 4-5). 
 
Table  4-5. Ellipsometry‘s study for 50 bilayers (PEI(HE-Na+/PEL-Mal)50) fabricated by 
approaches A-C; including film thickness d in dry state before and after being swollen in 
PBS buffer of pH 7.4, refractive index n, root mean squared error (MSE) and  ∆d = dry 
state thickness value (before swelling) -  the dry state thickness value (after swelling). The 
average data of the three experiments for d were taken.  
 
 
For Approach B, PEM (PEI (HE-Na+/PEI-Mal-B)50) , the situation was not so far 
from that of Approach A. Ellipsometry measured starting thickness in dry of ∼ 139 nm 
which re-measured after being immersed in PBS for 96 hours to give value of 70 nm and 
with ∆d of ∼69 nm. These results have shown that both Approach A and B for PEM 
         Dry state before swelling   
  
 Dry state after swelling  
  
Approach 
  
PEI-Mal d [nm] n MSE d [nm] n MSE ∆d [nm] 
A 
  
PEI-Mal-B 165 1.535 11.859 60 1.353 23.56 105 
B 
  
PEI-Mal-B 139 1.548 13.968 70 1.378 25.56 69 
C 
  
PEI-Mal-B 175 1.506 15.563 170 1.483 20.43 5 
A 
  
PEI-Mal-C 1291 1.533 27.103 849 1.411 25.24 442 
B 
  
PEI-Mal-C 1149 1.529 9.954 991 1.452 30.38 158 
C 
  
PEI-Mal-C 185 1.515 16.708 180 1.508 20.87 5 
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(PEI(HE-Na+/PEI-Mal-B)
 50) were not stable in PBS solution and PEMs thickness was 
reduced with time. Refractive indices were directly proportional to thickness reduction. In 
dry state, refractive index was recorded for PEM (PEI(HE-Na+/PEI-Mal-B)50)  fabricated 
by Approach A and B, in values  1.535 and 1.548 in dry state, respectively. These 
refractive indices for the same PEMs after being immersed in PBS for 96 hours gave 
values of 1.353 and 1.378, respectively (Table 4-5).  
 
Table  4-6. Ellipsometry‘s study for 50 bilayers (PEI(HE-Na+/PEI-Mal)50) fabricated by 
approaches A-C; including film thickness d in dry state before being swollen and the 
swollen state in PBS buffer b) of pH 7.4, refractive index n, root mean squared error (MSE) 
and a degree of swelling (SD%) a) . The average data of the three experiments for d were 
taken. 
 
a) Degree of swelling % = 100× (dswollen state – ddry state)/ (ddry state) 
b)
 PBS buffer of 137 mM NaCl, 2.7 mM KCl, 0.01M phosphate at pH 7.4 
 
For PEM (PEI(HE-Na+/PEI-Mal-C)50)  fabricated by Approach A and B, it has been 
shown (Table 4-5 and 4-6) that those PEMs were unstable. PEM (PEI(HE-Na+/PEI-Mal-
C)50)  fabricated by Approach A gave starting dry thickness of value ∼1.29 µm. This 
thickness was remeasured after PEM being immersed in PBS for 96 hours, the resultant 
thickness and ∆d was ∼849 nm and ∼442 nm, respectively. For PEM (PEI(HE-Na+/PEI-
Mal-C)50) fabricated by Approaches B: the starting dry thickness was ∼1.49 µm and 
reduced after being immersed in PBS for 96 hours to reach ∼991 nm with ∆d ∼158 nm. It 
is worth to mention that the refractive indices have shown direct reduction with PEMs 
    Dry state 
before swelling 
Swollen state 0h 
 
Swollen state 96h 
 
SD% 
Approach 
 
PEI-Mal d 
[nm] 
d 
[nm] 
n MSE d 
[nm] 
n MSE 0h 
[%] 
96h 
[%] 
 
A PEI-Mal-B 165 
 
341 1.363 6.236 146 1.364 9.062 107 - 
B PEI-Mal-B 139 
 
398 1.371 6.210 237 1.373 4.241 186 70 
C PEI-Mal-B 175 
 
400 1.371 4.401 327 1.371 6.051 130 105 
A PEI-Mal-C 1291 
 
3501 1.391 30.853 2655 1.385 44.021 171 106 
B PEI-Mal-C 1149 
 
4002 1.378 15.243 2702 1.379 35.650 248 135 
C PEI-Mal-C 185 
 
309 1.384 20.310 310 1.379 4.486 67 68 
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thickness after being immersed in PBS buffer for 4 days. For PEM (PEI(HE-Na+/PEI-Mal-
C)50)  by Approach A, the refractive index for dry state was 1.533, it was reduced to 1.411 
after being immersed in PBS for 96 hours (Table 4-6). It was shown that all PEM 
fabricated by Approach A and B were degradable (Table 4-6).  
 
 
 
Figure  4-12. Swelling and stability properties of PEM (PEI (PEI-Mal/HE-Na+)50) for 50 
pair deposition. PEMs have been fabricated by Approaches A-C and immersed in PBS 
buffer at pH 7.4 for 4 days. In situ ellipsometric measurements in respect to time (min) 
versus film thickness (nm) (closed symbol) and refractive index (open symbol) for PEM: 
(a) PEI-Mal-B and (b) PEI-Mal-C. 
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Although PEMs for PEI-Mal-B and PEI-Mal-C bilayers fabricated by Approach A 
and B outlined the greatest PEM degradation under physiological PBS buffer (Table 4-5), 
it can be obtained from results that Approach A and B for PEM (PEI(HE-Na+/PEI-Mal-
C)50) suffered lower degradation than for PEM (PEI(HE-Na+/PEI-Mal-B)50) (Figure  4-12, 
Table 4-5 and Table 4-6). About 50% of PEM (PEI(HE-Na+/PEI-Mal-B)50) bilayers were 
detached; however only 14% of PEM (PEI(HE-Na+/PEI-Mal-C)50)  bilayers suffered 
degradation. When considering the results presented in Table 4-5, 4-6 and Figure 4-12, it 
was possible to notice that within the series of PEMs with PEI-Mal-B as well as PEI-Mal-
C, the highest stability for the PEMs was exhibit by PEMs fabricated by Approach C. For 
PEM (PEI(HE-Na+/PEI-Mal-B)50) and PEM (PEI(HE-Na+/PEI-Mal-C)50), the starting dry 
thickness was 175 and 185 nm, respectively. In both cases, degradation of PEM thickness 
was only with ∆d of range of ∼5 nm (Table 4-5). For refractive indices, the dry starting 
state has shown refractive index of value 1.506 and 1.515 for PEMs (PEI(HE-Na+/PEI-
Mal-B)50) and (PEI(HE-Na+/PEI-Mal-C)50), respectively (Table 4-5). After PEM (PEI(HE-
Na+/PEI-Mal-B)50) and (PEI(HE-Na+/PEI-Mal-C)50) being subjected to PBS for 96 hours , 
re-dried and re-measured, the refractive indices have shown values of 1.483 and 1.508 for 
PEMs (PEI(HE-Na+/PEI-Mal-B)50) and (PEI(HE-Na+/PEI-Mal-C)50), respectively. 
 
4.6.1.3. Discussion: swelling and stability of weak/strong system  
 
For discussing the presented swelling and stability results for PEMs fabricated by 
Approach A, B and C, it was important to give a brief introduction on the differences 
between PEMs swelling and stability in charged-free and charged immersion solutions. 
Dodoo et al. [211] created two different expressions for explaining water swelling inside 
the well-fabricated PEM. [211] The two created expressions were ‘void water’ and 
‘swelling water’. The differences between the two expressions hanged mainly on the fact 
that PEM created by formation of island, islets and blob-like structures in the very 
beginning. These structures later on will coalescence and mutually merge setting a 
continuous films by the results of layering up (Scheme  4-3). In other words when the 
samples are measured with an optical modulus, e.g. ellipsometry, the change in scattering 
length density and refractive index of the PEM is reduced with respect to the one of the 
pure PEs. Dodoo et al. [211] explained that when PEM is exposed to charged-free 
medium, e.g. Millipore water, certain amount of the incoming water permeated and 
hydrated PEM under investigation changing the data for PEMs thickness and their 
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refractive index. They called this behavior ‘void water’ or water hydration uptake, which 
means that the increase in thickness is only due to water squeezing in between layers and 
through coalescence sites. In addition it has been already identified that, when layers are 
totally stable, this water squeezing will not rupture or damage the MLs. [211] In contrary, 
Dodoo et al. [211] also explained that the true swelling led to a highest increase in 
thickness, and they called this behavior ‘swelling-water’. They explained that, ‘swelling-
water’ happened when PEM is exposed to salt or buffer solutions. This is explained by a 
reduction in complexation sites and densities between opposite polyions related to a 
transition from intrinsic to more extrinsic charge compensation (Scheme  4-6). In turn this 
transition leads to higher chain mobility, higher degree of flexibility and stronger ability 
for the system to swell. In addition the solution uptake is controlled by the internal 
interactions between polymer segments versus those between polymer and solution 
molecules.[339] 
 
In this study and in case of charged-free immersion medium, e.g. Millipore water 
(Figure  4-10), PEM (PEI(HE-Na+/PEI-Mal-B)50) after being immersed in Millipore water, 
it started to swell till reaching equilibrium. All fabricated approaches have shown swelling 
of about two times their thickness in dry state. Millipore permeated and invaded 
coalescence sites and in-between layers, this led PEM to swell. In case of unstable 
Approaches A and B, they lost about ∼30% and ∼22% of their thickness in the swollen 
state, respectively after being immersed in Millipore water for ∼15 min. In case of 
Approach C, about 3% of PEM thickness in swollen state was lost within the first 15 min 
of subjection. The results which have been shown in Figure  4-10, show that PEM 
fabricated by Approach C swell in a more pronounced way than PEM fabricated by 
Approaches A and B.  Thickness reduction is mainly due to osmotic pressure exerted by 
Millipore water molecules on MLs, which lead to PEM rupture and thickness reduction. 
After 15 min and till the end of investigation (4 days), all PEM structures kept their 
stability and suffered no more loss in thickness.  
 
In discussing results for PEM (PEI(HE-Na+/PEI-Mal)50) swelling in charged 
immersion solutions, a typical swelling for weak/strong system has been scanned in NaCl 
(0.1M) (Figure 4-11) and  PBS buffer (Figure 4-12) over time. All approaches have 
possessed variable degrees of swelling, thickness reduction and stability behavior for 4 
days. When comparing the film thickness before and after swelling (Table  4-5, 4-6) , 
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PEMs fabricated by Approach C for PEI-Mal-B and PEI-Mal-C possessed the highest 
PEM stability for all investigated PEMs under NaCl (0.1M) and PBS buffer conditions. 
However, the swelling behavior of PEM cannot be only considered to make conclusions 
about the final PEM stability. Thus, it is important to compare the film thickness and the 
associated refractive indices before and after swelling experiments.  
 
Scheme  4-6. Simplified model explains water swelling expression. However PEM exhibit 
a pronounced swelling behavior in dependence on the salt concentration for layers 
immersed in aqueous solution. 
 
In case of NaCl (Figure 4-11), MLs swell in NaCl solution (0.1M) due to polymer 
chain repellence toward each other. This was not only due to the electrostatic repulsion 
between negative charges, but also due to local increase in the osmotic pressure created by 
the attraction of counterions in case of non-compensated HE-Na+. Small salt ions 
penetrated into the layers and competed with the polyion charges for binding sites 
(Scheme  4-6), so that they can release polyion bonds and the degree of complexation will 
be decreased. Such a release of a fraction of the polyion bonds lead to a more flexible layer 
arrangement. This intrinsic-extrinsic transition (Scheme  4-6) is assumed to be temporary in 
case of stable PEMs. Once the exerting forces are removed, polyion-polyion 
complexations return back to their positions. For more specifications, PEMs fabricated by 
Approach A and B for both PEI-Mal-B and PEI-Mal-C have degraded in NaCl solution 
(0.1M) in 6 hours (Figure 4-11), due to charge distribution in the bulk and near the 
polymeric surfaces. It is worth to mention that once PEM fabricated by approach A and B 
were exposed to NaCl (0.1M) a dramatic swelling has been observed and finally this led to 
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their destruction. However, the swollen state has been stabilized after the protonation of 
PEI-Mal-B and PEI-Mal-C (Approach C). Approach C was a kinetically blocked structure, 
where well-structured polyion-polyion complexation was created. Small excess of 
uncompensated negatively charged sites existed. These conditions created a well-
equilibrated system which stood stable for 1 day in NaCl (0.1M). However, in the case of 
Millipore water as an immersion solution (Figure 4- 10),  the films prepared by the three 
approaches A-C have shown a stable feature after a burst degradation (ca. 15 min) for 4 
days and this is rational due to the electroneutral condition. Again, using Approach C both 
cationic PEs fabricate stable  PEMs triggered by the presence of high cationic charge of 
PEI-Mal-B and PEI-Mal-C at pH 5.5 when cationic PEs were adsorbed on the anionic 
surface of the PEM during  layering up. Thus, more stable PECs were formed in the case 
of Approach C than in the case of Approach A and B. Generally, it can be recognized that 
large osmotic pressure and screening effects initiated by NaCl solution resulted in a 
complete degradation in cases of Approach A and B and stable PEM in case of  Approach 
C. 
 Furthermore, the SD% of PEMs in physiological PBS buffer pH 7.4 was 
summarized in (Table 4-6 and Figure 4-12) for PEI-Mal-B or PEI-Mal-C. In this case the 
situation was more complicated than the other two cases, Millipore water and NaCl. The 
immersion medium was rich with different ions of different ionic strengths and sizes, K+, 
Na2+, Cl¯ , PO43-. In case of Approach A and B, for PEM (PEI(HE-Na+/PEI-Mal-B)50)  
(Figure 4-12 a) and PEM (PEI (HE-Na+/PEI-Mal-C)50) (Figure 4-12 b), their performance 
in PBS was unstable. This was also concluded from the behavior of the observed refractive 
indices (Table 4-6, Figure  4-12), especially in case of PEM (PEI (HE-Na+/PEI-Mal-B) 50). 
Refractive indices, for Approach A and B for PEMs (PEI(HE-Na+/PEI-Mal-B)50) and  
(PEI(HE-Na+/PEI-Mal-C)50), fluctuated and showed a kind of unstable reduction 
(Figure  4-12 b). In case of PEM (PEI(HE-Na+/PEI-Mal)50) for both PEI-Mal-B and PEI-
Mal-C, the most stable PEM over the whole time of investigation was the one that 
fabricated by Approach C. The differences between initial dry thickness and the end dry 
thickness (∆d) has been calculated in value of 5 nm for both PEM with PEI-Mal-B and 
PEI-Mal-C (Approach C) (Table  4-5). PEM (PEI(HE-Na+/PEI-Mal-C)50) fabricated by 
Approach A, B and C exhibited higher stability than PEM (PEI(HE-Na+/PEI-Mal-B)50)  
and the highest stability was for PEM fabricated by Approach C (Figure  4-12). It can be 
postulate that the highest stability of PEM (PEI(HE-Na+/PEI-Mal-C)50) compared to PEM 
(PEI(HE-Na+/PEI-Mal-B)50)  fabricated by Approach C was partly reasonable due to  the 
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larger cationic charge density of PEI-Mal-C than PEI-Mal-B structures at assembly pH 5.5 
(Approach C) (Table  4-3). Thus in the swollen state, cationic repulsive forces in PEMs 
were larger than PEMs fabricated by Approach A and B. As it was previously investigate, 
changing in pH could play the same role as counterion’s addition. [204]  
 
4.6.2. Swelling and stability of for weak/strong system investigated by ATR-IR  
 
In order to further support the results from PEM growth and their stability observed 
by ellipsometry, in-situ ATR-FTIR spectroscopy was used to characterize both the degree 
of swelling and the degree of stability for all fabricated PEMs. Approaches A and C were 
used for PEMs (PEI(HE-Na+/PEI-Mal-B)20) and (PEI(HE-Na+/PEI-Mal-C)20), respectively 
(Appendix, Figure  8-21). PEMs have been built up on an oxidized Si-IRE that was used for 
the in-situ ATR-FTIR investigation, the experiment was repeated for three times for the 
same sample. Generally, the ATR-FTIR spectra of PEM (PEI(HE-Na+/PEI-Mal)20) 
(Appendix, Figure  8-21: after 20 bilayer fabrication in dry state) showed typical 
absorbance bands at 892, 1028, and 1229 cm−1 for HE-Na+, but also for PEI-Mal at 812, 
1459, and 2839 cm−1 (Appendix, Figure  8-21).  
 
In Appendix, Figure  8-21 a, ATR-FTIR spectra of PEMs (PEI(HE−Na+/PEI-Mal-
B)20) (upper panel) and (PEI(HE−Na+/PEI-Mal-C)20) (lower panel) in the initial dry state 
(black spectrum) and in contact to PBS (blue spectrum) are shown. Interestingly, for PEMs 
(PEI(HE−Na+/PEI-Mal-B)20)  (lower panel), the spectrum of the wet state show a higher 
intensity of the n(SO2) band (1109 cm−1) due to HE−Na+ compared to the dry state, 
whereas for PEM (PEI(HE−Na+/PEI-Mal-C)20) (upper  panel), the spectrum of the wet 
state was lower than that of the dry state. Generally, ATR-FTIR senses swelling processes 
as a decrease of intensity, since the polymer segments are more diluted in the swollen or 
wet state. This was the case for PEM (PEI(HE−Na+/PEI-Mal-C)20) in contrast to the PEM 
(PEI(HE−Na+/PEI-Mal-B)20) . That for the latter case even the wet-state spectrum is higher 
and can be explained by the increase of the refractive index of the environment increases 
from n =1.0 (air) to n =1.33 (water).  Further analysis of the ATR swelling data (Appendix, 
Figure  8-21 a) resulted in a concentration loss of 29% for PEM (PEI(HE−Na+/PEI-Mal-
B)20) and 58% for PEM (PEI(HE−Na+/PEI-Mal-C)20) of polymer segments upon swelling 
in PBS due to their dilution by the taken up water. Thus, in-situ ATR-FTIR study 
impressively confirmed the similar swelling and stability features of PEMs fabricated by 
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Approach A as found under the experimental conditions of in situ-ellipsometric 
measurements (Table 4-5, 4-6). Thus similar reasons are responsible for the lower and 
higher degradation of PEM after swelling experiments in PBS buffer at pH 7.4 during 
ATR-IR experiments: (i) lower cationic charge density of both PEI-Mal structures at pH 
7.5-8 (Table  4-6) tailored the formation of weaker PECs and (ii) these PECs in PEMs were 
not stable enough to withstand the osmotic pressure originated from PBS buffer. Moreover, 
phosphate ions will also interfere/destroy PECs in PEMs. Furthermore, PEM stability in 
Millipore water investigated by ATR-FTIR was as high as under the experimental 
condition of in situ ellipsometry study when fabrication of PEMs based on Approach A. 
Despite the differently used number of bilayers in PEMs, results of reproducible swelling 
experiments investigated by in situ ellipsometry and ATR-IR study clearly imply that 
PEMs fabricated by Approach A are not completely stable under physiological conditions.  
Moreover, ATR-FTIR spectra of PEMs (PEI(HE−Na+/PEI-Mal-C)20) fabricated by 
Approach C are shown in Appendix, Figure 8.20 b, and were exposed to PBS buffer for 1 
day. Analysis of ATR-FTIR swelling data (Appendix, Figure  8-21 b) provides a 
concentration loss of ≤5% for PEMs. Thus, PEMs show a high stability, confirming the 
ellipsometric results (Table 4-5 and 4-8). In contrary to Approach A, Approach C exhibits 
a high degree of stability for (PEI(HE−Na+/PEI-Mal-C)20), where again strong PECs in the 
PEMs were presented and resisted the osmotic pressure induced by PBS solution. Finally, 
this implied the use of pre-swollen PEMs with at least 20 bilayers in future uptake and 
release of drug to/from PEMs under a physiological environment. 
 
4.6.3. Weak/weak system PEM (PEI(HA-Na+/PEI-Mal)n) swelling behavior 
investigated by ellipsometry 
4.6.3.1. Results: Swelling and stability of PEMs in Millipore water and NaCl buffer 
solution 
 
By replacing the strongly charged rod-like PE ‘HE-Na+’ by the weakly charged 
worm-like polyanion ‘HA-Na+’ in combination with PEI-Mal-C, new PEMs have been 
created following the mechanism involved in PEM (PEI(HE-Na+/PEI-Mal-C)50) 
preparation. It has been previously proved from weak/strong system that the equilibrium 
SD% of PEM was greatly influenced by film assembly pH as well as the pH of the 
immersion solution and its ionic strength. It will be shown in this part the differences 
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between weak/weak system and weak/strong system in the direction of equilibrium 
swelling.  
 
Figure  4-13. In-situ ellipsometric measurements of PEM (PEI(HA-Na+/PEI-Mal-C)25) 
show corresponding plots of PEM thickness (nm) (closed symbol) and the refractive index 
(open symbol) of the swollen PEM fabricated by Approaches A-C as a function of time 
(min) for 25 bilayers deposition soaked in Millipore water 
 
Figure  4-14. In-situ ellipsometric measurements of PEM (PEI(HA-Na+/PEI-Mal-C)25) 
shows corresponding plots of PEM thickness (nm) (closed symbol) and the refractive index 
(open symbol) of the swollen PEM fabricated by Approaches A-C as a function of time 
(min) for 25 bilayers deposition soaked in NaCl solution (0.1M). 
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In Figure 4-13, all of the Approaches A-C for PEM (PEI(HA-Na+/PEI-Mal-C)25) 
were exposed to Millipore-water for 4 days. The three approaches have shown stable 
PEMs over the whole exposed period with different degree of swelling. Approaches A and 
B behaved exactly like in case of weak/strong system. For Approach A (dry thickness: 1.44 
µm, immediate swollen thickness: 1.8 µm) and for Approach B (dry thickness: 1.42 µm, 
immediate swollen thickness: 2.1 µm). Dry thickness of PEM fabricated by Approach C 
was in the range of nanometer and its swelling behavior was also lower than that of 
Approaches A and B. Approach C (dry thickness: 479 nm, immediate swollen thickness: 
750 nm) (Figure 4-13).  
 
Table  4-7. Ellipsometry‘s study for 25 bilayers (PEI(HA-Na+/PEI-Mal-C)25) fabricated by 
approaches A-C; including film thickness d in dry before being swollen and the swollen 
state in NaCl (0.1M), refractive index n. The average data of the three experiments for d 
were taken. 
 
 
After showing high stability conditions for all fabricated approaches in charged-
free immersion medium, Millipore water, it was important to switch to charged medium. 
Figure  4-14 shows the behavior of Approach A, B and C in NaCl (0.1M).  It has shown 
that the most stable approach was Approach C, even the performance of the other two 
Approaches A and B was not totally unstable in NaCl (0.1M) medium compared to 
weak/strong system fabricated by Approach A and B. However, PEM degradation for 
Approach A and B was more obvious in the trend of the refractive indices than in their 
observed thickness (Figure  4-14). Refractive indices trend for Approach A and B was not 
following that of PEM thickness for the same approaches and this may be due to PEM 
irregular degradation. [340] The whole PEM (PEI(HA-Na+/PEI-Mal-C)25) behaviors, 
thickness before and after swelling and refractive indices, fabricated by Approach A, B and 
C are shown in Table  4-7. Data show that compared to weak/strong system, all presented 
PEMs approaches were not strongly affected by NaCl (0.1M). After four days, differences 
Approaches Dry thickness  
(before swelling) 
[nm] 
Swollen thickness 
(0 hour) 
[nm] 
Swollen thickness 
(96 hour) 
[nm] 
Dry thickness  
(after swelling) 
[nm] 
Dry thickness 
[nm] 
 d n d  n d  n d  n ∆d  
A 1440 1.551 2220 1.416 2207 1.409 1415 1.531 25 
B 1428 1.545 2216 1.393 2182 1.301 1388 1.525 40 
C 479 1.535 790 1.413 785 1.413 478 1.541 - 
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in thickness were in range of nanometer and ∆ d was calculated in values 25 and 40 nm for 
Approaches A and B, respectively. In case of Approach C no degradation has been 
calculated after 4 days. 
 
4.6.3.2. Results: Swelling and stability of weak/weak system in PBS 
 
The most important results observed for PEM stability and swelling under 
physiological PBS solution at pH 7.4 of conc. 137 ×10−3 M NaCl, 2.7 ×10 −3 M KCl, and 
0.01 M phosphate are presented in Table  4-8, 4-9 and Figure  4-15.  
 
 
Figure  4-15. In-situ ellipsometric measurements of PEM (PEI(HA-Na+/PEI-Mal-C)25) 
shows corresponding plots of PEM thickness (nm) (closed symbol) and the refractive index 
(opened symbol) of the swollen PEM fabricated by Approaches A-C as a function of time 
(min) for 25 bilayers deposition soaked in PBS buffer. 
 
The swelling behavior in PBS solution has been examined for series of PEMs 
(PEI(HA-Na+/ PEI-Mal-C)25) and the highest stability for the PEMs was exhibited by 
PEMs (PEI(HA-Na+/ PEI-Mal-C)25) fabricated by Approach C. Surprisingly, no 
degradation of PEM thickness has been observed in the dry states, after/before being 
immersed in PBS buffer solution. The thickness results are shown in Table  4-8 and 4-9.  
In contrary to Approach C, PEMs (PEI(HA-Na+/PEI-Mal-C)25) fabricated by Approach A 
and B outlined the greatest PEM degradation under physiological PBS buffer  with obvious 
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reduction in refractive indices for both Approach A and B (Figure 4-15, Table  4-8) where 
∼ 11% of PEM pair deposition were degraded in case of Approach A, while about 12% of 
PEMs (PEI(HA-Na+/PEI-Mal-C)25) thickness was degraded in case of Approach B was 
observed (Table 4-8, 4-9).  
 
Table  4-8. Ellipsometry‘s study for 25 bilayers (PEI (HA-Na+/PEI-Mal-C)25) fabricated by 
Approaches A-C; including film thickness d in dry before and after being swollen in PBS 
buffer of pH 7.4, refractive index n, root mean squared error (MSE) and  ∆d = dry state 
thickness value (before swelling) -  the dry state thickness value (after swelling). The 
average data of the three experiments for d were taken.  
 
 
 
Table  4-9. Ellipsometry‘s study for 25 bilayers (PEI(HA-Na+/PEI-Mal-C)25) fabricated by 
Approaches A-C; including film thickness d in dry before being swollen and the swollen 
state in PBS buffer b) of pH 7.4, refractive index n, root mean squared error (MSE) and a) 
degree of swelling (SD%) a) . The average data of the three experiments for d were taken. 
 
a) Degree of swelling % = 100× (d swollen state – d Dry state)/ (d Dry state) 
b)
 PBS buffer of 137 mM NaCl, 2.7 mM KCl, 0.01M phosphate at pH 7.4 
 
Dry state before swelling 
for 0hour
Dry state after swelling 
for 96 hours
Approach PEI-Mal d
[nm]
n MSE d
[nm]
n MSE ∆d 
[nm]
A PEI-Mal-C 1440 1.552 10.859 1282 1.353 23.56 158
B PEI-Mal-C 1427 1.560 15.968 1256 1.378 25.56 171
C PEI-Mal-C 479 1.561 6.563 480 1.523 10.43 -
Initial dry 
state 
Swollen state
for 0 hour
Swollen state
for 96 hours
Degree of 
swelling
Approach PEI-Mal d
[nm]
d
[nm]
n MSE d
[nm]
n MSE SD0hr
% 
SD96hrs
%
A PEI-Mal-C 1440 2160 1.425 11.853 2067 1.416 20.021 50 44
B PEI-Mal-C 1427 2146 1.408 15.243 2053 1.396 25.650 50 44
C PEI-Mal-C 479 720 1.453 9.310 730 1.427 13.486 50 52
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In cases of Approach A and B the refractive indices also showed a higher reduction 
(Figure  4-15), where PEM refractive index in dry state measured by ellipsometry was 1.55 
and was reduced to value 1.35 for the dry PEM after being subjected to PBS for 4 days 
(Table  4-8). PEMs thickness reduced with ∆d with value 158 nm and 171 for Approach A 
and B, respectively. Degree of swelling (SD%) was also calculated (Experimental, Eq. 6-
6). The SD% for the three fabricating Approaches A-C was similar for the immediate 
swelling (0 hour) and gave about 50%. After spending 96 hour in PBS solution, SD% was 
decreased for Approaches A and B and about only 44% has been calculated. In case of 
Approach C SD% was constant all over the submersion period. 
 
4.6.3.3. Discussion: Swelling and stability of weak/weak system in different 
immersion solutions 
 
In this part two different points will be under discussion: (a) PEM lower degree of 
swelling compared to weak/strong system and (b) higher degree of stability and its reason 
in comparison to weak/strong system. Then let’s start with the first point of discussion. By 
replacing rod-like structure HE-Na+ with worm-like structure HA-Na+, it is assumed that 
the variability in the conformational arrangement of polymer chains in weak/weak PEM 
not only has profound effects on their overall thickness in the dry state and the growth 
regime, but also it is primarily responsible for the lower SD% that these films experienced 
when exposed to buffer solutions has ionic strength affinity. [341-343] Moreover, when a 
film is assembled under highly charged conditions, the layers are stitched together tightly 
with many ionic cross-links. [341-343] Thus, when exposed to a solution environment, 
these films experience a partially limited degree of swelling. This assumption has been 
documented by Mendelsohn et al. [199] who reported that only ∼10 % increase for PEM 
(PAA/PAH) thickness, i.e. weak/weak system, has been detected when exposed to an ionic 
immersion solution. PEM (PAA/PAH) has assembled under pH conditions where both 
polymers were highly charged in solution. [199] In this study and especially in case of 
weak/weak system upon exposure to NaCl(0.1M) (Figure  4-14) and PBS solution 
(Figure  4-15), PEMs can undergo a SD% of about ∼ 50% (1 time) of their original dry 
thickness (Table  4-9). It was proved that the three fabricated Approaches A-C have shown 
approximately the same swelling percentage behavior although different fabrication 
conditions were used and different PEM thickness (Table  4-9). An example of this 
retarded ability of weak/weak PEM films to swell compared to linearly growing up 
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weak/strong system is shown in (Appendix, Table 8-1). In case of weak/strong system the 
kinetic affinities between contained PEs were weaker and the extrinsic-intrinsic 
replacement was more advanced than in weak/weak system. Therefore, it was postulated 
that the SD% in case of weak/strong system was higher than that of weak/weak system. 
 
 
Scheme  4-7. Models of HA-Na+ behavior in dilute solution. HA-Na+ behaves as a stiffened 
random coil. The presence of linked segments would act in opposition to chain stiffening 
in determining the hydrated domain. In concentrated solution, stiffened random coils show 
entanglement; they form viscoelastic solutions and retain flow and do not become gels. 
The presence of linked segments would create a network and lead to gel formation. [344] 
 
In addition, it has been hypothesized that the restructured-linear growth of PEM 
(PEI(HA-Na+/PEI-Mal-C)25) results from inter-diffusion of PEI-Mal-C in coherency with 
HA-Na+ in its gel-like structure (0.5 mg mL-1) in and out of PEM structure (Scheme  4-7). 
It has been discussed in Section 2.11.2 that HA-Na+ at its physiological conditions and in 
concentration starting from 0.5 mg mL-1 behave as a stiffened random coil with a range of 
flexibility in solution (Scheme  4-7). In case of Approach A and B, PEM thickness was 
higher than that of Approach C (Appendix, Table 8-1 and Table 4-8). For Approach C, it 
was previously assumed that such range of flexibility was only rely on HA-Na+. This 
provided a rational basis for understanding the unusual hydrodynamic and rheological 
behavior of HA-Na+. [344] The stiffening was proposed to be at least in part due to 
hydrogen bonding between adjacent saccharides, combined with some effect from the 
mutual electrostatic repulsion between carboxyl groups. [345] This restricts rotation and 
flexion at the glycosidic bonds and creates a stiffened yet mobile polymer chain 
(Scheme  2-18). The flexibility and permeability properties of HA-Na+ network can then be 
Diluted
solution
Concentrated
solution
Stiffened Random Coil Linked Segments
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accounted for in terms of inter-chain hydrodynamics interactions of this extended structure, 
with entanglement being especially important at elevated concentrations (Scheme  4-7). 
However, even at high concentrations, under physiological conditions, individual HA-Na+ 
chain remain mobile and at no stage do HA-Na+ solution undergo transition to a gel-like 
state (Scheme  4-7). [344] In addition to what previously mentioned, PE hydrogels, e.g. 
HA-Na+, typically experience a decrease in swelling as the salt concentration is increased 
because of electrostatic screening. [346-348] However, it must be noted that hydrogels are 
covalently cross-linked, which, unlike ionic cross-links, are unaffected by changes in the 
local ionic strength environment. In the case of PEMs, the ionic bonds that hold the layers 
together are known to break upon increase in the local ionic strength. [199] These 
observations may give a reason for this higher stability and lower degree of swelling. This 
hypothesis is totally obvious in case of the swelling behavior in comparison to what has 
been observed in case of weak/strong system. The degree of swelling for all fabricated 
approaches was similar and did not exceed the 50% although different fabricated 
approaches.  
 
In discussing SD% in case of non-ionic immersion solution, Millipore-water 
(Figure  4-13), the SD% was also retarded in comparison to what has been demonstrated 
for weak/strong system (Appendix, Table 8-1). For weak/weak system fabricated by 
Approach C, when exposed to Millipore water (Figure  4-13), PEM SD% calculated with 
value did not exceed 57%.  Even in the other two Approaches A and B the calculated SD% 
did not exceed 50% (Figure  4-13). It has been discussed before that the main reason 
causing PEMs swelling in Millipore-water was the forces of hydrophobic interactions (also 
termed ‘bonding’) which are generated when multiple nonpolar solutes, or fragments of 
molecules, associate to maximize contact of outside-water with inside-water, maintaining 
the structure and hydrogen bonds network.  This inside water comes from the PEM 
preparation itself as by alternating adsorption of polyanions and polycations from aqueous 
solution are assumed to contain hydration water in their dry state. This hydrogen bond 
network is temporary removed once the re-drying step is achieved, without changing in 
PEM primary structure. [349] Evidence was reported by Schwarz and Schoenhoff who 
applied 1H NMR transverse relaxation to monitor the hydration water in PEMs. [349] 
Schlenoff et al. [349] also reported hydration contributions to association in PEMs. Dodoo 
et al. [211] analysis was based on neutron reflectivity and  indicates no structural change in 
the dry PEM, assembled in H2O, dried and subsequently exposed to both H2O and D2O for 
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8 hours and then dried. [211] It is assumed in case of weak/weak system PEM (PEI(HA-
Na+/PEI-Mal-C)25), that PEM was more hydrated because the presence of HA-Na+ in 
contrary the case of weak/strong system. Also retarded degree of swelling in Millipore 
water may also due to the higher compensation for the anionic charges (HA-Na+) in PEM 
with cationic charges (PEI-Mal-C) (Table  4-3). 
 
Secondly, PEM higher stability for weak/weak system especially for Approach C 
has to be discussed. By comparing this part to the latter (Section 4.6.1), both weak/strong 
and weak/weak system fabricated by Approach A and B, they have shown unstable 
conditions in case of PBS at physiological pH (Appendix, Table 8-1), emphasizing the 
hypothesis that PEM equilibrium are profoundly influenced and disturbed with both 
basic/acidic pH and ionic strength of the exposed environment. In contrary, Approach C 
for both systems has shown very stable conditions in charged-free and charged solution. It 
has been already discussed that PEI-Mal-C in weak/weak system for Approach A and B 
was weakly charged and has a portion of flexibility. At this moment an inter-diffusion 
condition was held between PEI-Mal-C and HA-Na+ in a way to randomly compensate 
each other. However for Approach C, PEI-Mal-C was highly protonated in solution and 
partially lost its flexibility. It was previously assumed that the strongly charged polymers 
have more rigid structure in solution, and adsorb to surfaces in a fairly flat conformation 
with a high population of ionic cross-links to the surface. On the other hand, weakly 
charged polymers tend to be adsorbed on surfaces in a conformation rich in flexibility with 
much fewer ionic links to the surface per chain. [350] Thus at this moment, the warm like 
HA-Na+ at its physiological pH value has the ability to inter-diffuse and polycationic 
charges, PEI-Mal-C, were successively compensated with successive polyanion, HA-Na+, 
deposition. Therefore, PEM (PEI(HA-Na+/PEI-Mal-C)25) assembled at pH 7.5-8 
(Approaches A, B) can undergo a great degree of chain extension and segment mobility. 
Moreover, those PEMs fabricated by Approach A and B adopt a larger thickness and lower 
swelling equilibrium. In contrary the intrinsic sites of interaction in case of Approach C 
was strongly created and segment-segments extension was created within a lower limits. 
This speculation was the most acceptable one to explain the higher stability for PEM 
prepared by Approach C. 
 
In most cases, the swelling behavior for PEM films is destructive by nature, since 
exposure to extreme solution conditions, such as high salt concentration can lead PEM to 
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swell to the point of deconstruction due to breaking of the ionic cross-links that hold the 
layers together. [351] This condition fits for  Approaches A and B in PBS buffer, However, 
what was surprisingly that the deconstruction point was after 40 hours (Figure 4-15). This 
delay in the PEM deconstruction may be due to the flexibility and the secondary 
conformational changes which have been created by both PEI-Mal-C and HA-Na+ and 
their high kinetic affinities. The deconstruction in Approaches A and B was clear and more 
obvious in the trend of the refractive index curves which do not mismatch that of PEM 
thickness curves neither in case of Approach A or B (Figure  4-14, 4-15). This may be due 
to that the degradation way was not homogenous and involved with removing different 
patches from different positions in PEM. Thus, it was difficult for ellipsometry to follow 
such heterogeneous structure. The calculated ∆d which are shown in Table  4-8, emphasize 
that ca. 158 and 171 nm for Approaches A and B, respectively have been degraded from 
PEM after being exposed to PBS solution for 4 days.  This may be due to unfavorable 
interactions causing an increase in the extension of the unadsorbed segments in 
conjunction with the increase in hydration of the chains. [341, 343]  
 
4.6.4.   ATR-FTIR investigation for swelling and stability for weak/weak system 
 
The technique of FTIR spectroscopy, including methods of sample presentation 
such as the attenuated total reflectance (ATR), has been successfully used to examine 
structures , conformational features, swelling and stability of PEM (PEI(HA-Na+/PEI-Mal-
C)20) fabricated by Approach C (Appendix, Figure 8-22). The ATR-FTIR spectrum for 
this system is too complicated and full of overlapped bands due to the complicated network 
of inter- and intra-molecular hydrogen bonds occurring in HA-Na+ itself and its own 
connection toward PEI-Mal-C. Appendix, Figure  8-23 shows a comparable figure for 
overlapped spectra of both free casting model of HA-Na+, PEI-Mal-C and PEM (PEI (HA-
Na+/PEI-Mal-C)20). Appendix, Figure  8-23 c shows HA-Na+ bands; at 3600-2800 cm-1 is 
the region of CH, NH, and OH stretching vibrations. A broad band at 3390 cm-1 is 
observed. This band can be assigned to hydrogen-bonded OH groups. However, it was 
very difficult to find a correlation between these intense OH stretching modes and 
vibrational states, due to the complicated network of inter-and intra-molecular hydrogen 
bonds occurring in polysaccharides. [351] At 1500-1200 cm-1 is the local symmetry region 
because it mainly included the deformational vibrations of groups having a local 
symmetry, i.e., the (HCH) and the (CH2OH) groups. [351] At 1200-950 cm-1 is a region 
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which includes the highly coupled ν(C-O), ν(C-C), and δ(COH) vibrational modes. This 
region is sensitive to the conformational freedom of the polymer chains.[352] In addition 
this region is characterized by four bands centered at 1152, 1078, 1046 and 946 cm-1 which 
are typical for carbohydrates.[353] ‘’ Amide bands’’: The three signals centered at 1615, 
1560 and 1314 cm-1 are assigned to amide I, II and III respectively. [354] ‘’Carboxyl  
bands’’ : The  bands  at  1616  and  1413  cm-1 are  assigned  to  the asymmetric and  
symmetric  stretching  modes  of  the  planar  carboxyl  groups  in  sodium  hyaluronate, 
respectively. ATR-IR spectra of PEMs (PEI(HA−Na+/PEI-Mal-C)20) shown in Appendix 
Figure  8-22, were fabricated by Approach C and exposed to PBS buffer for 1 day, the 
experiment was repeated for three times. Analysis of ATR-FTIR swelling data (Appendix, 
Figure  8-22) provided a concentration loss of about ≤ 60% for PEM (PEI(HA−Na+/PEI-
Mal-C)20)  fabricated by Approach C . As it has been discussed in Section 4.6.3 these 
results may related to (i) the growth regime itself and stoichiometric ratios for contained 
PEs and their kinetic affinities. (ii) In case of weak/weak system the nature of the gel-like 
structure of HA-Na+ was profoundly influenced the PEMs SD%. It was assumed that HA-
Na+ formed a complicated network structure, which increase with the increase of the 
layering up.   Even it was discussed later that Approach C showed the highest stability 
when compared to other approaches. ATR-FTIR results confirmed that of ellipsometry 
(Table  4-8 and 4-9). In essence, as it has been discussed previously, this stability is due to 
the high attractive affinities between both polyions. In particular, increasing the degree of 
charge of the polycation can hinder the flexibility, as a direct consequence of the 
increasing number of binding sites due to the high degree of ionic crosslinks and 
complexation are achieved. Also important are the intrinsic backbone stiffness, that 
polymer depresses interpenetration and flexibility, in addition to the hydrophilicity, which 
promotes film swelling and softening in water.  
 
4.6.5. Conclusion for weak/strong and weak/weak systems swelling and stability 
 
One important factor promoting PEM swelling and thus increased mobility is the 
increase in salt concentration in the external medium exerting ionic strength force on PEM 
structure. The internal layering and inter-diffusion of PEs within MLs may be further 
disordered by the influence of external ionic strength. On the basis of these attributes, it 
was important to check PEMs stability and degree of swelling for both weak/strong and 
weak/weak systems. All the prepared PEM for all approaches A, B and C were stable in 
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Millipore water, where no kind of kinetic disturbance actions have been exerted on the 
surface and the inner bulk of PEMs under investigations.  
 
For both weak/weak and weak/strong systems, Approach C was the most promising 
way to establish stable PEMs under physiological PBS for future application as drug 
release system. A possible explanation was that at assembly pH 5.5 both PEI-Mal 
possessed a high cationic charge density to undergo the desired fabrication of 
homogeneous and stable PEMs (Figure  4-12 and Figure  4-15). In case of weak/strong and 
weak/weak systems fabricated by Approach C, PECs formation between the relatively 
weak cationic PEI-Mal in combination with strong anionic HE-Na+ or weak anionic HA-
Na+ will not be destroyed in the presence of different ions of different ionic strengths and 
sizes in PBS buffer that induce osmotic pressure within the PEM.  However, PEMs 
fabricated by Approach A, B are completely or partially degraded in different solutions due 
to the low cationic charge density of both PEI-Mal at pH 7.5–8.0. In case of weak/strong 
system HE-Na+ remains in its fully charged state, therefore the interactions between the 
different layers were reduced and the excess of negative carboxylic and sulfonate group in 
the MLs leads to such destabilization. In case of weak/weak system the degradation for 
Approaches A and B was delayed and was not so high compared to that of weak/strong 
system. This study provides a proof-of-principle that counterions permeation through the 
PEM structure may lead to the whole PEM destruction due to the increment of counterion 
screening effect and intrinsic sites cleavage. 
 
4.7. Stable PEM for drug loading and release 
 
After controlling the stability of the fabricated PEM (Section 4.6), it was the task to 
study the drug efficient loading and release. The most stable PEM was the one fabricated 
by Approach C for both weak/strong and weak/weak systems. For essence, the model drug 
can be loaded and released by finely tuning the PEM interior after exposing the PEM 
system to different ionic strength and pH environment, keeping in mind the initial drug 
concentration at the very beginning during preparation. The focus in this part is to control 
the drug loading inside a stable PEM as well improving PEM stability. PEM charge 
equilibrium must be taken in account during fabrication and drug loading. For drug 
loading, two different methods have been constructed: The first one was termed as drug 
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adsorption or ‘drug postloading’ (Scheme  4-8). In this method the model drug, anionic 
adenosine 5’ triphosphate (ATP), was loaded into the porous PEM through adsorption. 
 
 
 
Scheme  4-8. Simplified sketch describes the in-situ ellipsometric procedure for drug 
postloading mechanism. The immersion solution is changed over PEM and ellipsometry 
monitor PEM in all steps, swelling, drug uploading and releasing. i.e. φ considered as the 
ellipsometric angle from which the refractive index and thickness of PEM can be 
calculated. 
 
The second method is so called drug polyions complexation or ‘preloading’. In this 
method PEM deposited was adjusted by preparing equal charge strength of the anionic 
drug (ATP) and the used polyanion. ATP was mixed/complexed with both polyanions and 
polycation (Scheme  4-9). The chosen concentration was depending on the molecular 
weight of the respective monomer units of the used polyanion. In order to seek for the most 
equilibrated system for achieving the highest uptake efficiency, different molar ratios of 
polyanion:ATP (PA: ATP), 3:1, 1:1, 1:2 and 1:3, were prepared. According to these ratios, 
polycation: ATP (PC: ATP) ratios were also calculated according to their molar masses.  
The calculated PC: ATP values in descending arrangement were 1: 35, 1:29, 1:23 1:18, 
1:12 and 1:5, for ATP mass values with descending arrangement 0.6, 0.5, 0.4, 0.3, 0.2 and 
0.08 mg mL-1. A fixed mixing ratio PE: ATP of 5:1 was used for both polyanion and 
polycation.  
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Scheme  4-9. Simplified sketch describes the PEM building-up in combination with model 
drug. Model drug is mixed with both polyanion and polycation solutions. Each deposition 
is followed by a rinsing step in Millipore solution. 
 
Releasing step was performed by applying several rinsing steps to the PEM, where 
all samples were submerged in different physiological pH values and salt concentrations, 
e.g. Millipore-water, HEPES buffer (0.05M), PBS (0.01M) and NaCl (0.1M). The release 
of drug was monitored using in-situ ATR-FTIR and in-situ ellipsometry. In-situ ATR-
FTIR, release measurements were performed by flowing 20 mL of release solution in a 
closed-loop mode at a flow rate of 5mL/min. In ellipsometric measurements, all 
measurements were in-situ measurements in quartz cuvette (Scheme  4-8). For ellipsometry 
the swelling solution was removed followed by the step of ATP addition and later several 
rinsing steps were established. It must be taken in account that PEM surface must be all the 
time stored under wet condition and in swollen state. 
 
4.7.1. Main properties of Adenosine 5’- triphosphate (ATP) 
 
Adenosine is a chemical presents in all human cells. It is difficult to speak about 
adenosine role in human body as it needs a lot of discussion to explain how it plays 
importantly in , out and in-between the human cells, i.e. in controlling nervous system, 
muscles contraction …etc. ATP is considered as an important drug model, which applied 
for different diseases. ATP (Figure  4-16) is sometimes used as emulsion to increase 
physical energy. It is also given intravenously for treating acute kidney failure, multiple 
organ failure, high blood pressure in lung arteries (pulmonary hypertension), cystic 
fibrosis, lung cancer, weight loss associated with cancer, and controlling blood pressure 
during anesthesia and surgery. [355, 356] Healthcare providers give adenosine 
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intravenously for treating surgical pain and nerve pain, pulmonary hypertension, and 
certain types of irregular heartbeat. [357] It is also given for controlling blood pressure 
during anesthesia and surgery.[357] Intriguingly, ATP is also considered as an anionic 
charged molecule. Therefore after being inserted into and PEM structure, it may be 
typically treated as a negatively charged couterions that affect PEM system morphology, 
stability, growth regime and equilibrium. Therefore,  two  types  of  interactions  between  
ATP  and  PEI-Mal  can  be  considered  in  the complex  formation:  electrostatic  and  H-
bonding (Scheme  4-10).  Electrostatic  interactions  exist  between  the cationic  PEI  
scaffold  of  PEI-Mal  and  phosphate  groups  of  ATP.  This  type  of  interaction  is  
widely  discussed  in  literature.[56, 358] The latter type of interactions is H-bonds 
between hydroxyl and amine groups of ATP and the maltose shell of PEI-Mal. The ability 
of ATP to form H-bonds with various sugars, [359] and liposomes,[360] was previously 
discussed.  Therefore, the parameters and conditions that define uptake and release of ATP 
to PEM system have to be determined. 
 
Figure  4-16. Structure of ATP dinatrium salt 
 
ATP of concentration 0.5 mg mL-1 has been casted on the surface of Ge-IRE then 
followed by being scanned via single beam ATR-FTIR , i.e. Ge-IRE was placed in an 
opened ceramic ATR-FTIR holder (Appendix, Figure 8-24 a). ATR-FTIR analysis 
presented in Appendix, Figure  8-24 a (black spectrum) shows several strong bands appear 
in the range 1280-900 cm-1. The major sugar interaction is observed with α-, β- , and γ-
PO2¯  groups of ATP triphosphate chain, while base binding is not significant. [359] 
Evidence for this comes from major spectral alterations of the triphosphate chain vibration 
at 1248, 1126, 1081,1020 and 900cm-1 (Appendix, Figure  8-24 a),[361] while the adenine 
base vibrations can be found at 1700-1480cm-1. [362, 363] PEM (PEI(HE-Na+/PEI-Mal-
C)20) was preloaded with ATP molecule of concentration 0.5 mg mL-1 (Appendix, 
Figure  8-24 b). The broad and strong positive derivative features centered at 1250 – 900 
O
O
N
N
NH2
H
N
N
H
OHHO
POP
OO
OPHO
O OH
2
5
4
1
3
9
7
8O
O NaNa
Results and Dissussion 
122 
 
cm-1 are due to a major increase in intensity of the phosphate vibration upon sugar-PO2 
interaction (Appendix, Figure  8-24 b). [361] An increase in the intensity of the adenine 
band at 1700-1650 cm-1 is due to the interaction of sugar with the pyrimidine NH2 group 
(Appendix, Figure  8-24 b). [361] These observations will be used later on when 
discussing ATP loading and release (Section 4.7.2 and 4.7.3)  
 
 
Scheme  4-10. Cartoon demonstrates the images of interactions of ATP molecules (i) 
electrostatically to the cationic scaffold of PEI-Mal (ii) and interacts via H-bond to the 
maltose shell  
 
4.7.2. Drug adsorption (drug postloading) 
4.7.2.1.  Drug adsorbing pretesting for weak/strong system 
 
Stability of PEM is the most important criteria for the scope of this work. 
Unfortunately, ATP/PEM ATR-FTIR spectrum showed only one isolated band for ATP at 
900 cm-1 and no isolated band for PEM (PEI(HE-Na+/PEI-Mal-C)20)  has been shown 
(Figure 4-17). Namely, it was important to prove that ATP release in not associated with 
PEM degradation and the whole ATP/PEM system will be stable even after changing PEM 
internal structure to increase its validity for drug loading and to create potential sites of 
interaction. In this part in-situ multi-beam ATR-FTIR spectroscopy has been used. PEM 
(PEI(HE-Na+/PEI-Mal-C)20)  has been prepared via Approach C.  
 
Maltose shell 
ATP molecule 
HPEI core 
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Figure  4-17. ATR-FTIR in-situ measurements trace dry PEM (PEI(HE-Na+/PEI-Mal-C)20) 
load and release. PEM was injected with ATP (0.5 mg mL-1), and then this was followed 
by a rinsing step with Millipore-water. PEM was built-up on Ge-IRE and the spectra were 
taken between wavelengths 1800-800 cm-1.  
 
The outermost layer in all fabricated PEMs was composed of polyanion species 
(HE-Na+). Ge-IRE-PEM has been built in the flow in-situ ATR-FTIR cell. While PEM 
(PEI (HE-Na+/PEI-Mal-C)20) was being in dry state, ATP (0.5mg mL-1) was injected on 
the surface of PEM. The latter step was followed by rinsing steps using Millipore-water 
and pure HEPES buffer (0.01M). It is shown in Figure  4-17, that the whole PEM spectrum 
is compatible with ATP finger prints except one isolated band at 900 cm-1. During ATP 
releasing with both rinsing mediums, Millipore-water and HEPES buffer, the intensity of 
the band at 900 cm-1 was reduced which is considered as ATP release. ATP rinsing with 
charged-free solution was not instantly and takes about 1200 min to remove the whole 
adsorbed ATP. As it is shown in Figure  4-18 that the adsorbed ATP was eluted out of 
PEM (PEI (HE-Na+/PEI-Mal-C)20) in case of Millipore-water and pure HEPES buffer 
(0.01M).  
 
It was also shown that the effect of HEPES buffer for the adsorbed ATP rinsing 
step was higher than that of Millipore-water (Figure  4-18). PEM was subjected to HEPES 
buffer and Millipore water for 1200 minutes. About 52% and 32% of ATP was released 
out of PEM after 1200 min via HEPES and Millipore-water, respectively. ATP was not 
900 cm-1 
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instantly released in case of Millipore water and this delay in ATP elution may estimate a 
kind of physical interaction between ATP and the polysaccharide HE-Na+, e.g. hydrogen 
bonds. In addition, it is also assumed that there were some electrostatic interactions toward 
PEI-Mal-C in which it was difficult for charged-free solutions to disturb such electrostatic 
interactions. These findings give us evidence that ATP has been not only superficially 
adsorbed onto PEM outermost layer but also somehow permeated to the inner PEM, 
although adsorption took place on dry PEM (PEI (HE-Na+/PEI-Mal-C)20). Since, ATP 
adsorption on PEM in dry state was not highly efficient to permeate ATP molecules to 
PEM inner bulk structure. It was possible to remove ATP by rinsing the adsorbed PEM by 
Millipore-water or pure buffer solution without any further efforts in tuning ATP release 
using different values of ionic strength or pH values.  
 
Figure  4-18. ATR-FTIR in-situ measurements trace ATP percentage amount versus ATP 
rinsing time. ATP (0.5 mg mL-1) was injected and adsorbed onto dry PEM (PEI (HE-
Na+/PEI-Mal-C)20) surface, then followed by a rinsing step with Millipore-water and 
HEPES buffer (0.01M) for 1200 min. PEM  was built-up on Ge-IRE and the spectra were 
taken from 1800-800 cm-1. For ATP amount calculation, area under the ATP isolated band 
(900 cm-1) was calculated. 
 
4.7.3.  Drug postloading for weak/strong system 
 
The linear LbL growth mode of PEMs, though widely appreciated and exploited, is 
an inherently non-equilibrium process, yielding non-equilibrium amorphous structure. 
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[178, 232, 336] In the adsorption process itself, individual molecules of polyions attach to 
the surface of a growing PEM via many ion pairing contacts.[9] Because the thickness 
increment (“layer” thickness) quickly becomes independent of total thickness, it is 
reasonably assumed that the adsorbing PE becomes locked in place, although some short-
range of inter-diffusion still exist. This was the exact situation in case of PEM (PEI(HE-
Na+/PEI-Mal-C)20) fabricated by Approach C. PEI-Mal-C was protonated, it lost its 
flexible chain and tilted to the rigid side (Scheme  4-4), which in turn affects the growing 
regime and the transition from exponential to linear growing up system. In this part we will 
focus for simplicity on the most stable system examined previously, which was PEM 
(PEI(HE-Na+/PEI-Mal-C)20) fabricated by Approach C and this was loaded with ATP as a 
guest molecule. 
 
4.7.3.1. Results:  Drug postloading for weak/strong system 
 
Here the anionic drug model (ATP) was introduced to the well prepared PEM of 20 
bilayers deposition. It has been described (Section 4.7) that in post-loading method ATP 
was introduced after being in direct contact to the readily prepared swollen PEM of 20 
bilayers deposition (Scheme 4-8). Loading and release profiles have been measured via 
both ellipsometry and ATR-FTIR spectroscopy (Figure 4-19). Unfortunately, ATR-FTIR 
measurements have shown only one non-overlapped band, identified to the ATP molecules 
at wavelength 900 cm-1 (Appendix, Figure 8-24, 8-25), while all the other bands and 
finger prints were overlapped with PEM bands themselves. Then, it was difficult to 
confirm whether the drug release was accompanied with PEM degradation or it was stable 
after being loaded with and eluted out of ATP molecules. Thus, it was important to re-
examine the PEM (PEI(HE-Na+/PEI-Mal-C)20) stability after ATP has been introduced. 
The experiments have been done via in-situ ATR-FTIR closed system by using a peristaltic 
pump at a flow rate of 5mL min-1 (Section 6.2.1). Readily fabricated PEM was subjected 
to Millipore-water, as a swelling medium, till reaching the maximum swelling equilibrium. 
The latter step was followed by the ATP (0.5 mg mL-1) addition with keeping in mind that 
the PEM system must be in a wet swollen state all over the experiment. ATP subjection 
lasted around 40 minutes and then followed by 5 cycles of fresh Millipore-water rinsing 
steps. The final rinsing step was established by NaCl solution (0.1M) (Figure 4-19). The 
band of ATP that appeared at 900 cm-1 (Figure  8-25) has been integrated after PEM 
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swelling, ATP addition and during the rinsing steps for both Millipore water and NaCl 
solution.  
 
The ATR-FTIR measurements are shown in Figure 4-19 a. They emphasized that 
PEM (PEI(HE-Na+/PEI-Mal-C)20) fabricated via Approach C (Figure 4-19 a) is stable 
after both ATP addition and elution. Interestingly, anionic ATP postloading inside the well 
prepared PEM has shown a cyclic upload and release of drug molecules (ATP) for more 
than 20 cycles in PEM (PEI(HE-Na+/PEI-Mal-C)20). It can be seen in Figure 4-19 a that 
the absorbance fluctuated regularly with the successive loading and elution of ATP 
molecules out of PEM (PEI(HE-Na+/ PEI-Mal-C)20) fabricated by Approach C. After the 
loading step it was difficult to elute ATP molecules out of the PEM system via Millipore-
water, only in case of a highly concentrated salt solution NaCl (0.1M) the whole loaded 
ATP amount was released out of PEM. At this moment the PEM returned back to its initial 
swollen position (Figure 4-19 a).  
 
Cyclic upload and release experiments have been repeated via ellipsometric 
measurements (Figure 4-19 b). Ellipsometric investigations were also very important in 
giving information about PEM inner structure and PEM/ATP potential sites of interaction. 
The examined PEMs (PEI(HE-Na+/PEI-Mal-C)20) were pre-swollen firstly by being stored 
in Millipore water till reaching its equilibrium state, and then followed by the addition of 
ATP and 5 cycles for rinsing steps  (Experimental, Section 6.2.1). Rinsing steps were 
constructed of 5 rinsing cycles, every step takes around 20 min and after every 20 min 
about 2mL of the old solution was squeezed out and renewed. Figure 4-19 b investigates 
PEM/ATP interactions and shows PEM (PEI(HE-Na+/PEI-Mal-C)20) intra-structure. 
Ellipsometric data have been calculated for three cycles and are shown in Table 4-10. The 
calculated data in Table 4-10 show that the initial thickness for 20 bilayers deposition in 
dry state was ∼206 nm. After PEM swelling in Millipore- water, the PEM thickness was 
doubled to ∼406 nm. The initial swollen step was created to pronounce the amorphous 
PEM behavior which in turn will increase the probability of ATP loading. Intriguingly, 
once the ATP has interacted with PEM (PEI(HE-Na+/PEI-Mal-C)20), PEM has shown a 
higher swelling (∼526nm) (Figure 4-19 , Table 4-10), which was followed by a slight 
decrease in thickness and then returned back to the equilibrium state after rinsing.  PEM 
was subjected to ATP for 40 min. ATP addition was followed by 4 rinsing cycles under 
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Millipore water. On subjecting PEM (PEI(HE-Na+/PEI-Mal-C)20) to the 4 cycle rinsing 
steps of Millipore water there were a sustained release of ATP and about 8% have been 
released after about 80min. The final rinsing step was established by NaCl (0.1M). In 
subjecting the uploaded PEM to NaCl (0.1M) the whole ATP content was instantly 
released returning the thickness to its initial swollen state ∼401nm (Figure 4-19,Table 4-
10). Dynamic scan of the experimental ellipsometric parameters are also shown in 
Appendix, Figure  8-26. Ellipsometric phase difference (∆) (Appendix, Figure  8-26 a) and 
amplitude ratio (ψ) (Appendix, Figure  8-26 b) for cyclic upload and release of PEM 
(PEI(HE-Na+/PEI-Mal-C)20), swollen and rinsed with Millipore-water at λ = 632.8 nm are 
shown.  Ellipsometric parameters followed directly thickness behavior.  
 
Figure  4-19. Cyclic loading and release traced via (a) ATR-FTIR (b) ellipsometry, for 
PEM (PEI(HE-Na+/PEI-Mal-C)20) , ATP of 0.5mg mL-1 . The cycle was measured for two 
hours. 
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Table  4-10. Table describes PEM thickness changes in ATP cyclic upload and release. 
Only three cycles for the same sample are presented. PEM (PEI(HE-Na+/PEI-Mal-C)20), 
thickness after the addition of ATP; thickness d (nm) and refractive index n at λ= 632.8 nm 
from ellipsometry, PEM was swollen and rinsed in Millipore-water these are followed by 
final rinsing step using NaCl 0.1M. 
 
a, c
 Swelling and rinsing in Millipore, respectively 
b
 ATP addition, d NaCl 0.1M (pH6.5) 
e
 dry state after being swollen 
 
Another further experiment have been done to investigate ATP adsorption in the 
presence of different swelling media, charged-free and charged physiological media. Three 
different PEMs have been investigated under different swelling media, Millipore water and 
PBS. Thickness data for PEM (PEI(HE-Na+/PEI-Mal-C)20) subjected to Millipore water 
and PBS are shown in Appendix, Table 8-2, 8-3, respectively. On subjecting PEM 
(PEI(HE-Na+/PEI-Mal-C)20) to Millipore water as swelling and rinsing medium 
(Appendix, Table 8-2), its initial thickness ∼206 nm has swollen to thickness ∼434 nm. On 
reaching stable swollen state ATP was added. After ATP addition, thickness has swollen to 
reach ∼472 nm. ATP addition has been followed by three cycles of rinsing. Rinsing steps 
have taken a total rinsing time of 100 min, 30min/cycle. After three rinsing steps thickness 
decreased to values ∼478, ∼459 and ∼454, respectively. After 100 min only 4% for 
adsorbed ATP has been released in Millipore water. On subjecting PEM to PBS 
(Appendix, Table 8-3) as a swelling and rinsing medium, its thickness has been increased 
from its initial dry thickness ∼220nm to swollen thickness of value ∼400nm. After ATP 
addition PEM became more swollen and reached 541 nm. The latter step was followed by 
Conditions  PEM(1st cycle) PEM (2nd cycle) PEM (3rd cycle) 
  d (nm) n d (nm) n d (nm) n 
Dry state 206 1.537 206 1.537 206 1.537 
Swelling a 406 1.455 409 1.452 410 1.461 
ATP b 526 1.465 515 1.448 515 1.452 
Rinse 1 c  514 1.467 513 1.450 512 1.449 
Rinse 2 c 505 1.469 507 1.451 513 1.453 
Rinse 3 c 492 1.470 502 1.452 507 1.453 
Rinse 4 c 486 1.471 497 1.452 503 1.454 
Rinse 5 d 401 1.467 400 1.443 410 1.443 
Dry swellinge 208 1.536 208 1.536 208 1.536 
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five PBS rinsing steps lasted for 100 min, with rate of 20 min/cycle. The thickness after the 
five rinsing steps in ascending order was 527, 525, 529, 429 and 410 nm, respectively. 
After 100 min about ∼24% of ATP was released. It was proved form previous experiments 
that ATP was released faster in the presence of PBS than in case of Millipore water. 
Appendix, Figure  8-27 and 8-28 show the dynamic scan of the experimental ellipsometric 
parameters, phase difference (∆) and amplitude ratio (ψ), at wavelength λ= 632.8 nm 
submersed in Millipore water and PBS as swelling and rinsing solution, respectively and 
ATP solution was of concentration equal to value 0.5 mg mL-1. Both parameters, ∆ and ψ  
followed PEM different thickness in all subjected solutions steps. 
 
4.7.3.2.  Discussion:  Drug postloading for weak/strong system 
 
One of the key results of this work has been presented in this part. PEM (PEI(HE-
Na+/PEI-Mal-C)20) was investigated via both ATR-FTIR and ellipsometry. ATP was 
loaded and released for ≥ 20 cycles in case of ATR-FTIR and 5 cycles in case of 
ellipsometry investigations. Intriguingly, the absorbance fluctuated regularly with the 
successive loading and elution of ATP molecules out of PEM (PEI(HE-Na+/ PEI-Mal-C)20) 
fabricated by Approach C (Figure 4-19). ATP has shown a sustained release out of the 
PEM in case of Millipore water and showed the instant-full release in case of NaCl (0.1M). 
One can now make different assumptions. Firstly, it can be concluded that ATP molecules 
adsorbed to the PEM bulk and were not only superficially adsorbed. This in turn means 
that ATP exerted different potential sites of interaction with the prepared PEM. Secondly, 
the release profile was only tuned after subjecting PEM to higher ionic strength medium 
(NaCl, 0.1M).  
 
Namely it can be presumed that PEM/ATP interaction is due to different reasons: 
(i) Physical inclusion of ATP into the growing PEM, where LbL process is nothing else 
than "consecutive precipitation" of polycation/polyanion and the resulting PEM is 
considered to be a porous film in the micro- and nanoscale (Scheme 4-3). 
(ii) Hydrogen bonding between polysaccharide HE-Na+ in addition to the assumed 
hydrogen bonds created between ATP and the maltose shell of PEI-Mal-C.  
(iii) Strong electrostatic counterion (ATP is the anioinic counterion) interactions to 
hyperbranched polycation systems (PEI-Mal-C). 
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(iv)  The presence of the entropic effect, since one trivalent ATP disodium salt ion (ATP-
Na) when interacts with protonated PEI-Mal-C liberates three monovalent chloride anions. 
The contained Cl¯  ions in PEM (PEI(HE-Na+/PEI-Mal-C)20) were due to protonation of 
PEI-Mal-C using HCl (0.5M) (Eq. 4-1).  
 
                                            -. + .01	 → -.301                                        Eq. 4-1 
ATP contains so called phosphoanhydride bond (Figure  4-16), which are formed by 
splitting out water between two phosphoric acids or between a carboxylic acid and a 
phosphoric acid. [364] This high energy bond tends to have a large negative Gibbs free 
energy (∆ G) which combines enthalpy and entropy portions in one value. [365] adenosine 
diphosphate (ADP) and orthophosphate (Pi) are resulted. ADP can be further hydrolyzed 
(Eq. 4-2). [365] 
 
                                         45 + .6	 ∆	789: 		;5 + 5<                               Eq. 4-2 
From equations Eq. 4-1 and 4-2, the following reaction is assumed (Eq. 4-3): 
-.3	01 + 45 − -= + .6	 ∆	789: 	-.
 +-=	01 + ;5 +.656 
                                                                                                                                       Eq.4-3 
 
 
Scheme  4-11. Model showing PEM (PEI(HE-Na+/PEI-Mal-C)20) swollen in (a) Millipore 
water (b) addition of ATP (0.5 mg mL-1), the PEM thickness has been swollen after ATP 
molecules addition.  
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It is very important to know that introducing of an anionic molecule to readily 
prepared PEM does not have a much different than the effect of swelling PEM in salt or 
buffer solution (Section 4.6.1). As it has been previously discussed, during the layering up 
the internal charge is mostly balanced by matching numbers of positive and negative 
polymer repeat units. This is the so called ‘intrinsic compensation’. In introducing an 
additional counterion to the PEM system another kind of interaction is created which is so 
called ‘extrinsic compensation’ (Scheme  4-11).  At the intrinsic limit, movement of part of 
or all PE molecules is difficult. A representation of negatively charged counter ion inter-
diffusion into bilayer deposition is shown in Scheme  4-11. Assuming two stiffed chains of 
oppositely charged PEs, e.g. protonated PEI-Mal-C and HE-Na+, all ion pairs would have 
to be disengaged simultaneously in order to move a polymer chain. A group of adjacent 
intrinsic ion pairs has to be sequentially dissociated, moved and reassociated (Scheme 4-
12). The probability of such dissociation as shown in Scheme  4-11 is very lower. If 
extrinsic charge (anionic ATP molecule) enters the picture, one of the positive PE charges 
is extrinsically compensated by the ATP molecule. ATP facilitates the local rearrangement 
of the PE by hopping with PE segment as it moves. [366, 367]  
 
Scheme  4-12. Simplified model describing the participation of an extrinsic charge (solid 
dot): a negative counterion (ATP)) allows localized place-exchange of individual repeat 
units, or a small group of them. Adapted from Reference [366] 
 
The transition state drawn in Scheme 4-12 is merely suggested as a way to 
minimize the energy barrier for hopping by concerted participation of four charged species 
connected intrinsically (dotted lines in Scheme 4-12). Because of bond restrictions and 
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localized reshuffling to end up with net polymer motion. It is worth to mention that 
extrinsic charge introduction can be considered as potential short circuits that facilitate 
mass transfer. [367] Thus, the presence of this extrinsic charge can significantly enhance 
transport of the bioactive ions, e.g. ATP, from the outside to the inside of PEM bulk 
structure. Farhat et al. described an approximate scaling of inter-diffusion with extrinsic 
ion content, where the introduced counterions hopping is promoted by extrinsic charges 
forming random clusters with charge equal to or greater than that of the introduced 
counterion itself. [367]   Also, it has been discussed by Dai et al. that the tendency for PE 
ion pairing is strong and any newly created bulk extrinsic charge may well be extruded to 
the surface, reestablishing bulk intrinsic compensation and reluctant exchanger behavior. 
This behavior is keeping the PEM system all the time in equilibrium. [368]   
 
In addition to the inter-diffusion and the role of the created extrinsic interaction, 
also performed osmotic pressure is determined mainly by the concentration of the 
counterions. A theoretical model was developed by Geo et al., [369]  which describes the 
dependence of the critical osmotic pressure on the elasticity modulus of the ML. They 
created ML hollow capsule with thin wall thickness of nanometer range. They 
demonstrated that capsule wall thickness and its dimensions could be varied in a defined 
way. This variation led in turn to elasticity moduli, which have been determined in values 
between 500 and 700 Mpa, depending on the system. These values were comparable to 
results obtained with macroscopic plastic materials and reflect a high degree of local 
interactions between the polyanion and the polycation. [369] Thus, in conclusion the 
presence of both osmotic pressure in combination with counterion inter-diffusion and 
presence of extrinsic/intrinsic alternation behavior help in raising the PEM permeability 
and thus PEM loading with the bioactive material , e.g. ATP. However, this 
extrinsic/intrinsic alternation especially in case of kinetically blocked linear growing 
regime results in PEM high degree of swelling (Scheme  4-11). For more specification, 
ATP interact extrinsically with PEM (PEI(HE-Na+/PEI-Mal-C)20), led to the dissociation 
of polyion-polyion intrinsic interaction and pronounced polyion-counterion extrinsic 
interaction led to PEM swollen (PEI(HE-Na+/PEI-Mal-C)20) (Table 4-10).  For rinsing step 
with Millipore water no kinetic disturbance has been established and the release for ATP 
molecules out of PEM was sustained. On introducing NaCl (0.1M) to PEM/ATP system, 
anionic ATP preferred to ionically interact with Na+ rather PEI-Mal-C. This in turn has 
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disturbed temporary extrinsic PEM/ATP interactions and then was followed by ATP 
release. Instantly PEM returned back to its original swollen thickness and switch back to 
polyion-polyion intrinsic interactions (Table 4-10, Appendix, Table 8-2, 8-3). 
Surprisingly, PEM was ready to repeat this procedure for several times without observable 
degradation.  
 
4.7.4. Drug postloading for weak/weak system 
4.7.4.1. Results:  Drug postloading for weak/strong system 
 
In contrary to weak/strong system the growing up regime for weak/weak system 
was a linearly-reconstructed growth regime. It has been already assumed that this system 
has an interesting feature in mixing both kinetically locked and labile growing regimes 
simultaneously in the same PEM system (Section 4.5.1). This kind of kinetically labile 
system in addition to the ionic gel structure of the polyanion (HA-Na+) would influence the 
whole drug upload mechanism and the inner bulk structure of the PEM system. In this part, 
these kinds of influences are going to be shown in details.  
 
The loading findings were in high agreements with the previous assumption for 
PEM progression mechanism. To compare ATP loading to weak/strong system, the same 
uploading method for 20 bilayers deposition for PEM (PEI(HA-Na+/PEI-Mal-C)20) has 
been used. ATP loading and release have been traced using in-situ ATR-FTIR and 
ellipsometry (Figure  4-20). For both in-situ results via ATR-FTIR and ellipsometric 
measurements (Figure  4-20), PEM (PEI(HA-Na+/PEI-Mal-C)20) has been stored in PBS 
buffer (PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM)) for ∼30 minutes followed by 
ATP loading step which took about 40 min (Figure  4-20). After ATP loading different 
rinsing steps took place, in Millipore water, NaCl (0.1M) pH 6.4 and finally in HEPES 
(0.05M) mixed with NaCl (0.1M) with 1:1 ratio and the mixture pH  has been adjusted by 
NaOH (0.1M) to reach pH 9.  This mixture will be abbreviated with the term 
‘HEPES+NaCl’. The total rinsing steps took place in 100 min. The rinsing time was 
divided into 30, 45, 25 min for Millipore water, NaCl (0.1M) and HEPES+NaCl, 
respectively. Intriguingly, this experiment was repeated for ≥20 cycles; emphasizing PEM 
stability and both, scaffold cyclic loading and release. Weak/weak system fluctuated 
constantly with ATP loading and release and the final ATP release has been performed in 
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HEPES+NaCl of pH 9 (Figure  4-20). In-situ ATR-FTIR spectra are shown in (Appendix, 
Figure  8-29) emphasizing that PEM/ATP interacted through postloading method. 
 
Figure  4-20. Cyclic loading and release traced via (a) ATR-FTIR and (b) ellipsometry, for 
PEM (PEI(HE-Na+/PEI-Mal-C)20). ATP was of concentration 0.5mg mL-1.The cycle was 
measured for 4 hours. 
 
An isolated ATP band at 900 cm-1 has been created (Appendix, Figure  8-29). It has 
been integrated and the results are shown in Figure  4-20 a. Unfortunately, ATR-FTIR was 
only useful in emphasizing PEM (PEI(HA-Na+/PEI-Mal-C)20)/ATP postloading and its 
stability during upload and release (Figure  4-20 a). However, it gave no speculations 
about PEM inner structure during loading and release. For more investigations, PEM 
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(PEI(HA-Na+/PEI-Mal-C)20) cyclic loading and release experiment was repeated via in situ 
ellipsometry (Figure  4-20 b).  In-situ ellipsometric measurements have been done in in-
situ cuvette (Scheme  4-8). Thickness for PEM (PEI(HA-Na+/PEI-Mal-C)20) was measured 
in value of ∼300nm (Figure  4-20 b,). It has been previously discussed for weak/weak 
system that it was stored in PBS solution for 30min (Section 4.7.3). Ellipsometry measured 
initial swelling behavior in PBS solution resulted in thickness value of ∼558 nm 
(Table  4-11). The latter step was directly followed by pushing ATP to the swollen PEM 
(PEI(HA-Na+/PEI-Mal-C)20), the recorded thickness shrank to value of ∼382 nm 
(Table  4-11). ATP addition was followed by 3 rinsing steps, ∼15min/rinsing step, in PBS 
buffer. Ellipsometry monitored thickness of values ∼382, ∼383 and ∼384 nm resulted after 
the three rinsing steps, respectively (Table  4-11). 
 
Table  4-11. Table describes PEM thickness changes in ATP cyclic upload and release. 
Only three cycles for the same sample are presented. PEM of (PEI(HA-Na+/PEI-Mal-C)20), 
thickness after the addition of ATPb; thickness d (nm) and refractive index n at λ = 632.8 
nm from ellipsometry, PEM was swollen and rinsed in PBS followed by final rinsing step 
using HEPES buffer in addition to NaCl at pH 9. The experiment has been repeated for 
three times for the same sample. i.e. PBS concentrations: PBS: PO43- (0.01M) + NaCl (137 
mM)+ KCl (2.7 mM). 
 
a, c
 Swelling and rinsing in PBS, respectively 
b
 ATP addition, d HEPES 0.05M +NaCl 0.1M (pH9) 
e
 dry state after being swollen 
 
Conditions  PEM(1st cycle) PEM (2nd cycle) PEM (3rd cycle) 
  d (nm) n d (nm) n d (nm) n 
Dry state 300 1.560 300 1.560 300 1.560 
Swelling a 558 1.443 545 1.446 544 1.447 
ATP b 382 1.465 393 1.468 398 1.464 
Rinse1 c  382 1.463 394 1.463 398 1.464 
Rinse2 c 383 1.464 394 1.465 399 1.463 
Rinse3 c 384 1.465 395 1.461 399 1.460 
Rinse4 d 547 1.440 543 1.443 545 1.441 
Dry swellinge 298 1.541 298 1.541 298 1.541 
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For the illustrated results approximately no changes in thickness has been 
demonstrated, although each rinsing step has been performed with fresh PBS solution. 
ATP was instantly eluted after being subjected to the mixture of HEPES+NaCl pH 9. Thus, 
after the release of ATP molecules, PEM was returned back to its initial swollen position 
of monitored thickness of ∼547 nm (Table  4-11). Three different repeating cycles have 
been investigated for three different PEMs. The re-dry thickness, after the three 
investigated experiments, has been measured by ellipsometry to give thickness of value 
∼298 nm (Table  4-11). By essence, the most surprised result in this part was the shrinking 
of PEM structure after ATP loading. This result was totally the opposite to what has been 
already investigated for weak/strong system. 
 
Dynamic ellipsometric parameters, phase difference (∆) and amplitude ratio (ψ) at 
λ = 632.8 nm, of ATP (0.5 mg mL-1), of cyclic upload and release of PEM (PEI(HA-
Na+/PEI-Mal-C)20) swollen and rinsed via PBS, are shown in (Appendix, Figure  8-30) . 
Dynamic ellipsometric parameters followed directly the cyclic swelling and shrinking 
behavior associated with the loading and release of ATP. As it has been done previously in 
weak/strong system, different media were used to check swelling and rinsing behavior. 
Both charged-free and physiologically charged medium, Millipore and PBS, respectively, 
have been investigated for PEM (PEI (HA-Na+/PEI-Mal-C)20). In case of Millipore water 
as a swelling and rinsing medium (Appendix, Figure  8-31), PEM (PEI (HA-Na+/PEI-Mal-
C)20) of dry thickness ∼300 nm has shown initial swollen thickness of value ∼558 nm 
(Appendix, Table 8-4). Upon ATP addition the PEM has been shrank to reach thickness of 
∼410 nm. About ∼27% of the original PEM thickness was shrank after being subjected to 
ATP (0.5mg mL-1). On following the ATP loading step with three different rinsing steps in 
Millipore water of total rinsing time of 40 min, PEM shrank thickness has not returned 
back the it original swollen state. It has been also shown that the refractive indices values 
directly followed PEM thickness behavior (Appendix, Table 8-4). The dry thickness 
started with refractive index of value 1.55, this value was reduced upon PEM subjection to 
Millipore water to value of 1.43. On subjecting PEM to ATP the thickness collapsed while 
the refractive index rose to value 1.443. By subjecting PEM to three rinsing step of total 
time of 45 min, refractive index didn’t change so much (n= 1.442).  
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In case of PBS pH 7.4, as rinsing and swelling solution, the situation was not very 
different from that of Millipore water (Appendix, Table 8-5). The dry PEM of ∼300 nm 
was stored in PBS and its thickness has swollen to value ∼568 nm. Instantly, once 
subjected to ATP solution, PEM thickness was reduced to ∼382 nm.  PEM thickness 
collapsed with percentage of ∼ 33% compared to the initial swollen thickness, and this was 
about 6% higher compared to that in case of Millipore water.  Addition of anionic ATP 
molecules was followed by three rinsing steps in PBS solution for total rinsing time of 45 
min. Reduced thickness was stable and didn’t return back to its initial swollen thickness. It 
has been observed that when PEM (PEI (HA-Na+/PEI-Mal-C)20) was immersed in 
Millipore, the same collapsing PEM feature has been observed, but with lower attractive 
force than that of PBS (Appendix, Table 8-4, 8-5). The refractive indices showed the same 
behavior as illustrated thickness; where refractive index was monitored by ellipsometry for 
dry PEM to give 1.504. This value was as usual reduced in case of swollen state to reach 
1.443 and thus it was re-increased after ATP addition to reach 1.465 (Appendix, Table 8-
5). Similarly to the case of Millipore water, no change in refractive indices values for the 
three rinsing steps have been demonstrated.  Dynamic ellipsometric parameters for 
Millipore water and PBS solutions have shown the same behavior for swollen and 
collapsed PEM (Appendix, Figure  8-32, 8-33) 
 
4.7.4.2. Discussion:  Drug postloading for weak/weak system 
 
Surprisingly and unlike to the swelling behavior for weak/strong system after ATP 
addition, the swollen PEM (PEI(HA-Na+/PEI-Mal-C)20) showed a shrinkage on addition of 
the anionic ATP molecules (Figure  4-20 b). The weak/weak system was investigated for ≥ 
5 times via in-situ ellipsometric and ≤ 20 times via in-situ ATR-FTIR measurements.  The 
shrinkage was difficult to be investigated via in-situ ATR-FTIR (Figure  4-20 a), because 
all the integration calculations were based on the ATP band at 900 cm-1 (Appendix, 
Figure  8-29). This unexpected PEM thickness reduction (30% from the initial swollen 
thickness) supports the first assumption for weak/weak system restructure-linear growth  
regime (Scheme 4-5) (Section 4.5) and give the inspiration about PEM (PEI(HA-Na+/PEI-
Mal-C)20) inner structure, PEM/ATP interaction and HA-Na+ conformations and gel 
structure. Again, as it has been previously discussed, this restructure system has a 
switching point at 10th bilayer deposition (Figure  4-9), at which PEM structure has been 
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assumed to change the growing up regimes. It was assumed that this PEM has outermost 
kinetically labile MLs and innermost kinetically blocked MLs (Scheme  4-5). These 
anomalous inter-diffusion MLs properties dictate how the system will interact with 
biological structures. Firstly it is important to start the discussion with the top structure and 
the kinetically labile layers, which mainly assumed that it helps a lot in the appearance of 
the shrinkage feature (Figure  4-20 b).  Upon subjecting PEM (PEI(HA-Na+/PEI-Mal-C)20) 
to ATP molecule, the anionic counterions are assumed to move with high probability 
directly to the uncompensated site for positive ions on the top of PEM (kinetically labile 
outermost MLs) (Scheme  4-13) and interact extrinsically with PEI-Mal-C. Moreover, it is 
also hypothesized that counterions will extrinsically interact with different cationic charges 
on different fabricated layers. The creation of the strong extrinsic interactions between the 
ATP molecules and polycation PEI-Mal-C chain will logically bring the anomalous 
features down and will reconstruct the kinetically labile growing up layers, arrange them 
systematically to be connected together and will collapse them in a dense structure 
(Scheme  4-13). This assumption may explain the obvious increment in refractive indices 
values, e.g. ∼1.465 and 1.443 in PBS and Millipore water, respectively after ATP’s 
addition (Table  4-11 and Appendix, Table 8-4, 8-5). These refractive indices values 
returned back to its normal values, e.g. ∼1.443 and 1.438 for PBS and Millipore water, 
respectively after ATP final release step. 
 
 
Scheme  4-13. Sketch demonstrating PEM (PEI(HA-Na+/PEI-Mal-C)20) swollen in (a) 
Millipore water (b) addition of ATP (0.5 mg mL-1), the PEM thickness has been shrunk 
after ATP molecules addition.  
- ∆ d
High denisty
Well packed
+ ∆ d
+ ATP
d
(a) (b)
-
R
e
st
u
ct
u
re
d-
lin
e
a
r
D
iff
u
si
o
n
-
a
n
o
m
a
lo
u
s
-
-
----
-
--
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
++
+
-
--
-- -
-
-
+
-
-
-
----
-
--
-
-
-
-
-
-
-
-
- --
-
-
-
-
-
-
-
-
-
-
- -
- -
-
-
++
-+ -PEI-Mal
HA-Na+
Intrinsic sites
- - Free counterion
Extrinsic sites
- ATP molecule
+ PEI-25k-precoating
Results and Dissussion 
139 
 
The lower SD% behavior of PEM (PEI(HA-Na+/PEI-Mal-C)20) after being 
subjected to NaCl (0.1M) and PBS pH 7.4 (Section 4.6.3). It is shown in Table  4-9, that 
the SD% didn’t exceed 50% which was a lower percentage compared to that of 
weak/strong system (Table  4-6) (Section 4.6.1). This may help in understanding the 
shrinkage feature which has been appeared after ATP addition (Figure  4-20 b).  Where, 
after compensating all uncompensated positive charges, the rest of counterions will move 
with lower probability to breakdown the strong intrinsic sites in the internal bulk structure 
of PEM (kinetically blocked linear structure) (Scheme  4-13). The second reason for PEM 
(PEI(HA-Na+/PEI-Mal-C)20) collapse represented for weak/weak system may be due to the 
presence of the polyanion HA-Na+ and its well-known ionic gel properties. Previously PE 
gel behavior and the conformational changes for HA-Na+ have been discussed (Section 
2.11.2). [370] There is a controversial discussion going on over the years about HA-Na+ 
and its PE gel features. [348, 370-372] The swelling behavior of charged gels has been 
described in the seminal work by Katchalsky et al., [373, 374]  and both Flory and Rehner. 
[375-377] They observed that swelling resulted from a balance between the elastic energy 
of the network created by HA-Na+ and the osmotic pressure of the ions. In salt-free gels 
this osmotic pressure is due to the counterions that are confined inside the volume of the 
gel in contact with water reservoir. In the presence of salt the osmotic pressure is 
associated with the establishment of Donnan equilibrium. [372] Katchalsky et al. 
considered also the effect of electrostatic interactions of the fixed charges on polymer 
chains. [373, 374]  At low salt concentrations, it is conceivable that the flux of ions into the 
film from the bulk solution is too low to cause significant electrostatic screening of the 
charged groups on PE chains and significant ionic bond breaking. As the salt concentration 
is increased, it is believed that the equilibrium swelling behavior of these films results from 
a balance between electrostatic screening and ionic crosslink breaking in the film. Notably, 
the swelling process was found to be completely reversible and a shrinking film was 
observed. Moreover, there is no detectable loss of PE chains from the film was 
investigated. In fact, it has been shown that when much higher ionic strength conditions are 
applied, a complete film destruction resulted.[199, 378] These investigations emphasize 
the present observations about the retarded swelling behavior in the weak/weak system 
when subjected to PBS buffer and NaCl (Section 4.6.3, Table 4-9).  
 
On basis of thermodynamics, when the gel is immersed in pure water, it will swell 
to a volume V which depends on the excess pressure P of the gel phase over the water. At 
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P=0 the gel is said to be in ‘equilibrium swelling’. [348] Barret and Joanny have pointed 
out, ‘equilibrium swelling ‘is due to the fact that the osmotic forces of the polymer and the 
sodium ions in the gel are balanced by the contractility of the network. [379] In any case, 
thermodynamics is not a relevant issue in the present study, since it does not aim at 
comparing quantitatively measured values and theoretical predictions for the 
thermodynamic parameters.  In essence, the polymer gel is at equilibrium with a reservoir 
of solvent if the osmotic pressure in the gel is equal to the osmotic pressure of the salt in 
the reservoir. That is, if the swelling osmotic pressure due to the entropy of the counterions 
is balanced by the pressure due to the elasticity of the polymer chains. [379] Whereas, the 
swelling equilibrium of networks, according to the  basic Flory-Rehner idea, [377] results 
from a balance between the osmotic pressure acting  to swell the  network and the elastic 
pressure due to the stretching  of the chains. However in the strong screening limit in the 
presence of an excess of salt, the gels are expected to behave as neutral gels with an 
effective excluded volume (collapsed or deswelling behavior) controlled by the ratio 
Debye-Hückel screening length and polyanion degree of ionization. [375-377] 
 
4.7.5. Conclusion for drug postloading for both weak/weak and weak/strong systems 
 
In this part we are summarizing the drug adsorption/release behavior for 
weak/strong and weak/weak systems. PEMs of 20 bilayers depositions using polycation 
PEI-Mal-C have been prepared via Approach C for both systems. ATP adsorption has been 
performed during the swelling state of PEMs whether in charged-free or charged media. 
For both PEM systems, it has been proved via ellipsometric and ATR-FTIR investigations 
that the anionic ATP molecules have penetrated PEM inner structure. It was assumed from 
the previous data that ATP molecules were stable and interacted with PEM mainly through 
strong electrostatic interactions. Therefore, it was difficult for ATP to be released in the 
presence of charged-free immersion solutions and without PEM kinetic disturbance. The 
complete ATP release has been done through NaCl (0.1M) pH 6.5 in case of weak/strong 
system (Table 4-10) and through HEPES + NaCl pH 9 (Table  4-11). Thus, the release 
properties of stable PEM/drug system can be sequentially controlled using two different 
film disassembly kinetics based on the rapid or gradual dissociation of electrostatic 
interactions between PEM structure and ATP molecules upon changes in pH and/or ionic 
strength of the submersion solution. Interestingly, in this part it was possible to reverse 
load and release for ATP to and out of the prepared PEMs for both systems under 
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investigation. This kind of swelling/deswelling property strongly supports PEMs stability 
toward loading and release. It can be seen from Figure 4-19 and 4-20 that the absorbance 
fluctuated regularly with the successive loading and release of ATP molecules in both 
weak/strong and weak/weak systems, which means that the adsorption efficiency of the 
PEM film was almost unchanged after ≥ 20 times of loading and release. 
 
The second interesting result was due to different swelling and shrinking behaviors 
for weak/strong and weak/weak systems, respectively, after ATP’s addition. The swelling 
behavior of the weak/strong system (Figure 4-19), was assumed to be due to the 
extrinsic/intrinsic transition. Since, in case of weak/strong system, the system was 
kinetically blocked and mostly all polycationic charges have been compensated with 
polyanions contributions, when system was subjected to ATP molecule, ATP contribution 
was through extrinsic/intrinsic transition. Therefore, PEM has been swollen once subjected 
to anionic counterions ATP (Scheme 4-11).  In contrary, in case of weak/weak system, 
swollen PEM has been shrunk once it was subjected to ATP molecules (0.5mg mL-1). This 
shrinking behavior was assumed to be due to two different reasons. The first was due to the 
presence of uncompensated polycations. In this situation the uncompensated ones were 
recompensated by anionic ATP molecules. These strong extrinsic potential sites of 
interactions led to collapsing of PEM structure (Figure  4-20). Secondly this collapsing 
PEM behavior may be also due to the PE gel behavior for HA-Na+, since it was discussed 
previously that in the presence of high salt concentration PE gel behaves as natural gel. 
[375-377] 
 
4.8. PEM/Drug complexation or drug preloading 
 
 Controlled drug release materials have potential for utilization in biomedical 
implants, tissue engineering, and targeted drug delivery devices. The advantages of 
controlled release include greater drug effectiveness, better balanced drug concentrations 
in the body, and more convenience to the patient. [380] In this part we try to upload the 
drug molecules in the HB polycation decorated with maltose moieties (PEI-Mal-C). As 
described in Experimental, Section 6.2.2 (Experimental , Scheme  6-4), ATP was added to 
both polyions with a mixing ratio of 1:5 and a series of molar ratios for the drug 
concentration was prepared depending on the molar concentration of the polyanion, HE-
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Na+ and HA-Na+ (Experimental, Section 6.2.2). The uptake results show intriguing 
behaviors, which will later on affect PEM releasing profiles 
 
4.8.1.  Drug preloading to weak/strong system 
4.8.1.1. Results : Drug preloading and release for weak/strong system 
 
ATP is considered as a strong negatively charged counterion. It was assumed that 
after mixing the polycationic ‘PEI-Mal-C’ and the anionic ‘ATP’, well prepared PEC will 
be achieved, in which both PEI-Mal-C and ATP molecules strongly connected together via 
electrostatic interaction and hydrogen bonding. The complexation for both PEI-Mal-C and 
ATP molecules was optically observed, when the transparent PEI-Mal-C 1mg mL-1 was 
suddenly transferred to a cloudy colored solution after ATP injection for all presented 
concentrations. This color transition is due to the formation of PEI-Mal-C/ATP complex 
coacervates. PEM loading and release characterization have been followed as usual by the 
two well-known methods, single beam ATR-FTIR spectroscopy (Figure  4-22) and 
ellipsometry (Figure  4-23). For ATR-FTIR investigations, different ATP concentrations, 
0.08-0.6 mg mL-1, have been used in the preparation of PEM (PEI(HE-Na+/PEI-Mal-
C/ATP)20). The loading process has been created through the layering-up via dip-coating 
(Scheme  4-9). ATP loading to PEM (PEI(HE-Na+/PEI-Mal-C)20) forms (PEM/ATP) 
complex, this PEM/ATP complexation is shown in Figure  4-21 that gives a proof about 
ATP molecules incorporation and its effect on PEM equilibrium. Thus, the more ATP 
loading concentration, the more loading efficiency has achieved. The loading efficiency 
started to increment as ATP concentration was increased with values form 0.08-0.5 mg 
mL-1, at which the critical concentration and most equilibrated point has been investigated. 
After this critical drug concentration, the loading efficiency started to decrease one more 
time (Figure  4-21). However, when the ATP concentration increased more than 0.6 mg 
mL-1, PEM was no longer stable and decomposed. 
 
As it has been described in Experimental, Section 6.2.2 , ATP release was initiated 
by rinsing PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20) by soaking the whole 
substrate/PEM/ATP in a releasing medium (50mL) and after each rinsing step PEM was 
subjected to N2 steam for drying. The latter step was carried out for PEM of 20 bilayers 
built in an open holder and observed by single beam ATR-FTIR spectroscopy. 
Substrate/PEM was built-in ATR-FTIR open holder in the same position for every 
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measuring step. Re-hydration and swelling under aqueous medium did not affect the PEM 
release. ATP molecules release has been achieved only in a medium of HEPES (0.01M) 
mixed to NaCl solution (0.1M) in ratio 1:1 and pH7.4 adjusted by NaOH (0.1M) 
(Figure  4-22).  
 
Figure  4-21. ATR-FTIR study for ATP of different concentration in PEM (PEI(HE-
Na+/PEI-Mal-C/ATP)20). The integration calculation has been done on ATP isolated band 
at wavelength 900 cm-1. 
 
In order to calculate the ATP release versus time, ATP non overlapped band at 900 
cm-1 has been integrated versus time and then plotted as it is shown in Figure  4-22. The 
release for all PEMs with different ATP concentrations has been followed up for about 
1000 min (Figure  4-22).  Release for ATP molecules of lower concentrations, e.g. 0.08 
and 0.2 mg mL-1 was slower than that of the higher ATP mass concentrations 
(Figure  4-22). After 1000 min about 53% and 35% of ATP uptaken amount has been 
eluted for concentrations 0.08 and 0.2 mg mL-1, respectively. ATR-FTIR spectra for the 
prepared PEM/ATP complex with different ATP concentrations 0.3, 0.5 and 0.6 mg mL-1, 
respectively did not show any changes and PEM/ATP was stable for 1 day in Millipore 
water or pure HEPES buffer (Appendix, Figure  8-34 – 8-36). However, ATR-FTIR 
investigations (Appendix, Figure  8-37, 8-38) have also shown that the release can be 
initiated for different ATP concentrations, 0.3, 0.5, 0.6 mg mL-1, in HEPES (0.01 M) 
mixed with NaCl (0.1M) of pH value 7.4 adjusted with NaOH (0.1M). After 1000 minutes, 
about 87%, 80% and 90% of ATP of concentrations 0.3, 0.5, 0.6 mg mL-1, respectively, 
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have been already released (Figure  4-22). It was previously investigated (Figure  4-21) 
that the higher absolute uptake of ATP was for the ratios PA/ATP and PC/ATP of ratio 1:2 
and 1:29, respectively , which referred to ATP of mass value of 0.5 mg mL-1. This 
concentration was the critical one, where after and before this ATP's concentration, PEM 
uptake efficiency was lower (Figure 4-21). ATP molecules uptake findings agreed to its 
release out of PEM. It was shown that the release versus time was affected by the loading 
efficiency and PEM stability (Appendix, Figure  8-37, 8-38). 
 
Figure  4-22. ATR-FTIR release study for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20) prepared 
via approach C for different concentration of ATP , the release study was done in HEPES 
buffer (0.01M) + NaCl (0.1M) mixed with ratio 1:1 at pH 7.4, pH was adjusted using 
NaOH 0.1M 
 
The critical ATP ratio has been re-investigated via ellipsometric measurements. 
There were great agreements between the results via ATR-FTIR and that of ellipsometry 
(Figure  4-23). The data obtained by ellipsometry demonstrated that all PEM/ATP 
complexes have high swelling behavior to ≥6 times above their original thickness instantly 
following submersion (Figure  4-23). No film thickness decrease has been observed under 
submersion in pure HEPES and Millipore water (Figure  4-23). Also in case of PBS (PO43- 
(0.01M) + NaCl (137 mM)+ KCl (2.7 mM)) pH 7.4, no obvious release has been observed. 
PEM started with dry thickness of 206 nm (0 hour) and the end dry thickness after 1day in 
PBS was 195 nm (Appendix, Table 8-6). Accordingly, film thickness readily decreased 
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after PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20) being immersed in HEPES (0.01M)+NaCl 
(0.1M) pH 7.4. PEM thickness has been decreased with rate of ∼ 7 nm/min for ATP 0.5 mg 
mL-1 (Figure  4-23). The film dry thickness for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20) was 
∼ 206 nm, while the end dry thickness for after 1 day in HEPES (0.01M)+NaCl (0.1M) pH 
7.4  was  150 nm for ATP value of 0.5 mg mL-1.  
 
Figure  4-23. Drug preloading process for PEM (PEI(HE-Na+/ PEI-Mal-C/ATP)20) traced 
by ellipsometric measurements – for ATP 0.5mg mL-1. ATP release was checked in water, 
HEPES (0.01M), PBS (PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM)) and HEPES+ 
NaCl (0.1M) mixed with ratio 1:1 
 
4.8.1.2. Discussion: Drug preloading and release for weak/strong system 
 
ATP uptake findings (Figure  4-21) were in agreement with the stability diagram 
(Scheme  2-14), which was previously suggested by Chohen Stuart. [197]  These results 
may be due to the increase of the screening effect exhibited by ATP molecules toward the 
polycation (PEI-Mal-C).  This increasing in screening effect created by ATP anions of high 
concentrations may lead to the formation of soluble complexes, which in turn weakened 
polyion-polyion potential sites of interaction and strengthened polyion-ion sites of 
interaction. These complex coacervates depend essentially on the ratio between the 
amounts of cationic and anionic polymer and on the ionic strength. According to these 
results, it was assumed that ATP of higher concentration, >0.6 mg mL-1, affected the whole 
0 200 400 600 800 1000 1200 1400
0
300
600
900
1200
1500
1800
th
ic
kn
e
ss
 (n
m)
time (min)
 Millipore-water
 HEPES+NaCl
 HEPES
 PBS
Results and Dissussion 
146 
 
PEM stability. Whereas, the equilibrated system can be only established if complex 
coacervates existed. [175] These screening effect arguments were well supported for 
PEM/ATP complex for ATP concentration  > 0.6 mg mL-1, where no more stable PEM has 
been created and the whole PEM was dissociated. Thus, it was assumed that at ATP 
critical concentration, 0.5 mg mL-1, equilibrium was held between all PEM counterparts 
(polyanion, polycation and the counterions). On the basis of these attributes, it was 
hypothesized that at ATP 0.5 mg mL-1 the most equilibrated system has been created and 
the most efficient PA/ATP and PC/ATP ratios (Figure  4-21, 4-22).   
 
ATP release out of PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20) has been performed on 
subjecting PEM to charge-free and charged solution under physiological pH value. ATR-
FTIR results gave great evidence that PEMs with different ATP concentrations showed a 
profound stability toward the Millipore and HEPES buffer solutions and no ATP release 
has been initiated in those mediums (Appendix, Figure  8-34 - 8-36). This in turn means 
that PEM/ATP inner structure was kinetically stable and extrinsic/intrinsic potential sites 
were in equilibrium. PEM/ATP kinetic disturbance and ATP release has been performed 
only in the mixture HEPES+NaCl at pH 7.4. The higher ATP uptake and the lower release 
rate were at ATP critical concentration (0.5 mg mL-1) (Figure  4-21, 4-22). ATP release 
amount in case of ATP concentration 0.5 mg mL-1 was lower than that of ATP at 
concentrations 0.3 and 0.6 mg mL-1 with about 7% and 10%, respectively. According to 
latter, it is assumed that at kinetically stable uploaded PEM, lower drug release will be 
achieved.  
 
ATP (0.5 mg mL-1) release out of PEM/ATP was also traced with ellipsometry 
(Figure  4-23). PEM/ATP has swollen in different media of different ionic strength. 
PEM/ATP exerted high SD% of values 695%, 550% and 646% for Millipore water, 
HEPES(0.01M) and PBS(0.01M) buffer solutions, respectively. SD% in case of 
HEPES+NaCl was calculated to be 543%. Most likely, this behavior reflects a balance 
between hydrolysis and swelling immediately following immersion of the dry PEMs. It 
was addressed by Volodkin and Klitzing that in case of pronounced extrinsic charge 
compensation the PEM is denser with fewer voids in the dry state due to stronger screening 
of the PE charges. [167] This gives a higher flexibility of the polymer chains and an easier 
adjustment of the chains to the environment. In contrast, these PEMs swell more strongly 
in water than the ones built up in presence of small ions. Due to the lower density of 
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complexation sites the “mesh sizes” are larger and can take up more water. Following this 
brief swelling period, films reach saturation and hydrolysis begins to act as the dominant 
factor effecting film thickness. [167] 
 
The discussion will focus on two different points: (i) on the one hand the difference 
between the ATP concentration in the prepared PEM and release rate versus time. (ii) On 
the other hand the drug release, for all different ATP concentrations, has not been achieved 
except in the presence of salt, neither in the presence of pure Millipore-water or in the pure 
buffer medium (Appendix, Figure  8-34 – 8-36). Firstly, for fewer ATP amounts (0.08- 0.2 
mg mL-1) in the PEM, ATP is bound more specifically at potential binding sites. Whereas, 
for larger ATP amounts (0.3, 0.5, 0.6 mg mL-1) in the PEM, ATP might form aggregates or 
clusters within the PEM phase, which might be simply disturbed in the presence of salt 
medium. These kinetically disturbed PEMs with larger amount of ATP have been released 
rapidly within 1000 min in the presence of salt medium. Among such specific ATP/PEM 
interactions, electrostatic attraction of ATP in a counterion-like fashion at PEI-Mal-C or 
other interaction forces like, e.g. hydrogen bonding between ATP and both PEI-Mal-C 
maltose shell and HE-Na+ may prevail. Also a change in the internal structure of 
PEM/ATP, e.g. concerning density, being more pronounced for higher ATP/PE ratios , e.g. 
0.5 – 0.6 mg mL-1 (Figure  4-21), might contribute. Thus, ATP migration was less 
hindered. PEM equilibrium in case of 0.5 mg mL-1 was the highest for both uptake and 
controlled release. However, the equilibrium was reversed once the ATP concentration 
rose to 0.6 mg mL-1.  
 
In 2013, Torger and Müller, [220] have investigated about PEM PEI/PAA loaded 
with antibiotic streptomycin (STRP). They used polycationic HPEI (65% branching 
degree, Mw= 750,000 g mol-1, 50% (w/v) solution). The release of STRP out of PEM using 
ATR-FTIR spectroscopy was studied. They prepared the loaded PEM by consecutively 
adsorption of STRP/HPEI and STRP/PAA solution onto a Ge-IRE using LbL technique in 
a flow in-situ ATR-FTIR cell. Different ratios of drug/PE (1:25, 1:10 and 1:5) were 
prepared. The STPR/PE ratio showed a significant influence on release kinetics, whereby 
the slowest released was for STPR/PE of ratio 1:25, while the fastest release was for 
STPR/PE of ratio 1:5. The cationic drug STRP’s release, for different STPR/PE ratio, has 
been done in Millipore water within 240 minutes. [220] In case of this work, it was 
assumed that the release time for anionic ATP attached to PEM (PEI(HE-Na+/PEI-Mal-
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C/ATP)20) was enhanced due to the strong interaction forces, which exist additionally to 
the maltose-decorated shell (PEI-Mal-C), in addition to those normal interactions stated 
previously. The hydrogen bonding initiated between maltose-shell of PEI-Mal-C and ATP 
has created a retarded controlled release for ATP out of PEM. 
 
 Secondly, the release has been done in the presence of salt solution Na+ Cl¯ . It is 
shown in Scheme  2-13, that the size of Na+ ions and Cl¯  ions are with atomic radii, 0.98 Å 
and 1.81 Å, respectively, is smaller than PO2¯   of atomic radius equal to 1.49 Å. [381] It is 
important to know that the atom size increases as one moves down the periodic table. 
Besides the type of PE, the type of counterions also plays an important role in ML 
formation. Usually, the ions are chosen according to the ‘‘Hofmeister series’’. [185] It has 
been previously discussed in Section 2.6.2 that the smaller ions have a relatively low 
polarizability, low ionic strength and prefer to keep their water of hydration. However for 
larger ions, they are with a high polarizability, high ionic strength and their hydration water 
can be easily removed (Scheme  2-13). Thus, logically one may interpret that all the time it 
is important for the system to search for stability and equilibrium; therefore in case of 
weak/strong system both the PO2¯  and Cl¯  ions exchange positions. Thus, PO2¯  prefers to 
ionically attach with Na+ rather than PEI-Mal-C. In addition to the negative counterions, 
positive Na+ ions take their role in compensating extrinsically the uncompensated sites on 
the polyanion HE-Na+. Thus, it was assumed that this mission led to higher swelling effect 
for inner PEM structure and then followed by ATP molecules release. In contrary, in case 
of pure Millipore-water and buffer (Appendix, Figure  8-34 – 8-36), there was no kinetic 
disturbance for PEM and meanwhile no/nearly no drug release has been achieved. 
 
4.8.2.  Drug preloading for weak/weak system 
4.8.2.1. Result: Drug preloading and release for weak/weak system 
 
In these studies, the drug molecules ATP served as both functional drugs and film 
components. It is important to mention that in contrary to the weak/strong system, 
weak/weak system has a higher kinetic affinity. It was expected from the previous results 
that the drug loading affinity and the stability for the weak/weak system would be much 
better than that of weak/strong system. In this part, drug preloading for the weak/weak 
system will be investigated. ATP preloading for PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20) 
has been created exactly like in weak/strong system. When ATP amount increased more 
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than >0.5 mg mL-1 the film was no longer stable and decomposed. It has been previously 
assumed, that anionic ATP was attached to PEM in a counterion-like fashion. PEM 
(PEI(HA-Na+/PEI-Mal-C/ATP)20) ATR-FTIR spectra for upload and release are shown in 
Appendix, Figure  8-42 – 8-44. ATP isolated band at 900 cm-1 was integrated and Figure 
4-24 was plotted. It is shown in Figure 4-24 that ATP uptake affinities started to increase 
till reaching its maximum with value 0.3 mg mL-1. ATR-FTIR spectrum for PEM/ATP 
complex with ATP (0.3 mg mL-1) (Appendix, Figure  8-43), demonstrated that ATP 
isolated band has achieved a small shift from 900 to 897 cm-1. However, for higher ATP 
concentrations, 0.4 and 0.5 mg mL-1, PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20) has shown 
lower affinities than for ATP critical concentration (0.3 mg mL-1) (Figure 4-24) and no 
band shift has been observed in ATR-FTIR spectra (Appendix, Figure  8-42, 8-44 ).  
 
 
Figure  4-24. ATR-FTIR study for ATP of different concentration PEM (PEI(HA-Na+/PEI-
Mal-C/ATP)20). The integration calculation was done at wavelength 900 cm-1. 
 
Similar to loading, release profile is also very important for a drug delivery system.  
For PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20), ATP release has been investigated in different 
ionic strengths and pH values. The release of ATP of concentrations 0.2, 0.3, 0.5 mg mL-1 
out of PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20) was investigated in Millipore water and 
pure HEPES (shown in Appendix, Figure 39 – 8-41, respectively). Almost identical to 
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weak/strong system, no release has been established on immersing PEM/ATP complex for 
weak/weak system in charge-free solutions at physiological pH, e.g. Millipore and pure 
HEPES buffer (Appendix, Figure 39 – 8-41). PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20) was 
subjected to HEPES buffer (0.05M) mixed to NaCl (0.1M) and the mixture pH has been 
adjusted using NaOH (0.1M), this 1:1 mixture will be notified in an abbreviated version so 
called HEPES (0.05M)+NaCl (0.1M). PEM/ATP complexes have shown ATP release in 
HEPES (0.05M) + NaCl (0.1M) at physiological (pH 7.4) and alkaline pH (pH 9) 
(Appendix, Figure 8-42 – 8-44). In contrary, the total PEM/ATP complex degradation has 
been established in HEPES (0.05M) + NaCl (0.1M) of acidic pH (pH 5.5). ATR-FTIR 
spectra of PEM/ATP complex are shown in Appendix Figure  8-42 – 8-44. Isolated ATP 
band at 900 cm-1 for ATP of concentrations 0.2 and 0.5 mg mL-1, as well as the shifted 
band at 897 cm-1 for ATP 0.3 mg mL-1 have been integrated and Figure  4-25 was plotted.  
For ATP release out of PEM/ATP complex in HEPES+NaCl mixture at pH 7.4 
(Figure  4-25 a), after 1000 min about ∼17, ∼37 and ∼60% for ATP loaded amounts of 
mass values of ∼0.2, ∼0.3, ∼0.5 mg mL-1, respectively have been released. However, in 
HEPES+NaCl mixture of pH 9 (Figure  4-25 b), after 1000 min about ∼35, ∼57 and ∼90% 
for ATP loaded amounts of mass values of 0.2, 0.3, 0.5 mg mL-1, respectively have been 
released. It was obvious that the ATP release for PEM/ATP complex was faster in case of 
pH 9 than that of pH 7.4 (Figure  4-25).  
 
The release of ATP molecules of mass values 0.3 mg mL-1 and 0.5 mg mL-1 
(ATP0.3 and ATP0.5) out of PEM/ATP complex have been retraced via ellipsometry 
(Figure  4-26). Ellipsometric investigations gave an agreement to data investigated via 
ATR-FTIR spectroscopy (Figure  4-25). The PEM (PEI(HA-Na+/PEI-Mal-C/ATP0.3)20) 
initial dry thickness and the end dry thickness after being soaked in different media  for 1 
day has been investigated (Appendix, Table 8-7). Initial SD% for PEM (PEI(HA-Na+/PEI-
Mal-C/ATP0.3)20) was calculated to the approximated percentage value of ∼67, ∼42, ∼86 
and ∼71% for Millipore water, HEPES (0.05M and pH7.4), PBS (0.01M and pH 7.4) and 
HEPES+NaCl (pH9), respectively (Figure  4-26, Appendix, Table 8-7). However when 
PEM (PEI(HA-Na+/PEI-Mal-C/ATP0.5)20) was immersed in HEPES+NaCl (pH9), the 
initial SD% was of value 86%. The calculated SD% was considered to be lower than that 
of the weak/strong system, although PEM/ATP complex’s thickness has approximately 
doubled its original thickness (Appendix, Table 8-7). 
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Figure  4-25. Release study using ATR-FTIR, PEM (PEI(HA-Na+/PEI-Mal-C)20) prepared 
via Approach C for different concentration of ATP , the release study was done in HEPES 
buffer (0.05M) and NaCl (0.1M ) mixed with ratio (1:1) (a) pH 7.4 (b) pH 9, pH was 
adjusted using NaOH 0.1M 
 
In addition to SD%, initial dry thickness for PEM (PEI(HA-Na+/PEI-Mal-
C/ATP)20) was measured by ellipsometry in value of ∼300 nm (Appendix, Table 8-7). By 
calculating the differences between start dry and end dry thickness after being immersed in 
rinsing solutions (∆d nm) for ATP 0.3 mg mL-1, ∆d was calculated in values ∼71, ∼3, ∼56 
and ∼130 nm for Millipore water, HEPES (0.05M pH 7.4), PBS (0.01M pH7.4) and 
HEPES+NaCl (pH9), respectively. However, ∆d for PEM/ATP complex for ATP 0.5mg 
mL-1 was of value ∼152 nm when immersed in HEPES+NaCl (pH9). When calculating the 
percentage release value for PEM/ATP complex with ATP 0.3 and 0.5 mg mL-1 after one 
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day in HEPES+NaCl (pH9), the resultant value was approximately equal ∼43% and ∼50%, 
respectively. PEM/ATP complex thickness readily decreased after being immersed in 
HEPES +NaCl pH 9.0, indicating ATP molecules release at a constant rate of ∼ 0.8, ∼1.2 
nm/min for ATP 0.3 and 0.5 mg mL-1, respectively (Appendix, Table 8-7).  
 
 
Figure  4-26. Drug preloading process traced by ellipsometric measurements – for ATP of 
0.3mg mL-1 and 0.5mg mL-1. ATP release was checked in Millipore water, HEPES 
(0.05M) (pH 7.4) and HEPES (0.05M) + NaCl (0.1M) (pH 9) mixed with ratio (1:1) 
adjusted with NaOH (0.1M) and PBS (PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM)) 
at pH 7.4.  
 
4.8.2.2. Discussion: Drug preloading and release for weak/weak system 
 
Upon complexing ATP molecules with polyanion (HA-Na+) and polycation (PEI-
Mal-C), the probability for ATP molecules to interact with cationic charges was high. It is 
assumed that ATP molecules have interacted to both polyions through different 
electrostatic and non-electrostatic interactions. The most likely assumption is directed 
toward strong electrostatic interaction between anionic ATP and polycationic PEI-Mal-C. 
In addition to electrostatic forces, other forces are assumed to be contributed and to 
increase PEM/ATP interactions probabilities, e.g. hydrogen bonds toward PEI-Mal-C shell 
in addition to the hydrogen bond which may be established between ATP and HA-Na+. In 
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case of weak/weak system, the polycationic charge of protonized amino groups in PEI-
Mal-C chain was higher than the polyanionic charges of HA-Na+ and cannot be totally 
compensated (Table 4-3). There were still free ionized uncompensated –NH3+ groups to 
bind ATP, thus making the interaction with the charged surface more favorable and 
accelerate the interacting process.  Therefore, the electrostatic attractive forces between 
negative ATP and positive –NH3+ were promoted and the loading amount for ATP reached 
its maximum at ATP 0.3mg mL-1. PEM/ATP complex with critical ATP mass 
concentration (0.3 mg mL-1) is shown in Appendix, Figure  8-43, where there was a small 
shift in the ATP peak from 900 to 897 cm-1. These results suggested that most of ATP 
within PEM (PEI(HA-Na+/PEI-Mal-C/ATP0.3)20) formed molecular aggregates. [158, 382, 
383] However, when ATP amounts increased to concentration ≥0.6 mg mL-1, PEM was no 
longer stable and decomposed. The reason is that at ATP mass value of 0.6 mg mL-1, the 
screening effect was increased and in turn the charge balance between PEI-Mal-C and HA-
Na+ has been destroyed.  In addition to the latter reason, PEMs built-up in presence of 
larger ions were less stable. [145] It strongly decreases the number of complexation sites 
due to strong polyion–ion interactions and/or high ionic strength and the PEM formation 
might even become impossible. This in turn leads to the whole PEM destruction. [167] 
Gain of entropy forces also play an important role in these kind of interactions, where ATP 
interacted to PEM in a counterion-like fashion. The ATP molecules are larger in size than 
that of monomer unit of PE. It was reported by Volodkin and Klitzing that there is a 
competition between the formation of complexes of oppositely charged polyions on one 
hand and polyion–ion interactions on the other hand. Large ions of high polarizability and 
a small hydration shell can easier act with the oppositely charged PEs than small ions with 
a large hydration shell. [167] 
 
On discussing the represented results for the ATP release out of PEM/ATP 
complex, it has been mentioned that ATP release was subjected and tuned via different 
ionic strength and pH values. Similarly to weak/strong system no release has been 
established in Millipore water or pure HEPES pH 7.4 media (Appendix, Figure  8-39 - 8-
41). In contrary to weak/strong system, the release was slower in HEPES buffer (0.05M) + 
NaCl (0.1M) at the physiological pH 7.4, and was faster in alkaline pH 9 for the same 
buffer mixture. PEM/ATP complex stability faced difficulties in acidic medium pH 5.5 and 
instantly the whole PEM system was destroyed. It is assumed that this kind of degradation 
has been established due to the rapid release of the outermost HA-Na+ layer, which was 
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followed by the instant release of ATP from adjacent and thus the underlying layers. At pH 
5.5, HA-Na+ was deprotonated that in turn leads to the breaking down of the intrinsic 
interaction sites between HA-Na+ and PEI-Mal-C and the whole PEM degradation. This 
assumption is due to the previous investigation that PEM degrades from top to down. [384]  
These data suggest an interesting hypothesis with respect to PEM composition and drug 
release tuning properties under the effect of ionic strength and pH values. The change in 
net charges results in attraction or repulsion between charged drug molecules and PEM 
components thereby leading to the tuning of drug release. [236] In comparing the 
immersion solution of pH 7.4 and pH 9.0, faster release in case of pH 9.0 has been 
observed. For HEPES (0.05M)+NaCl (0.1M)at pH 9.0, the ionized amino group NH3+ will 
be deprotonated slowly and there will be less and less protonated PEI-Mal-C to bind with 
ATP molecules. In other word, when the pH value reached pH 9.0, there was no free PEI-
Mal-C to combine with negatively charged ATP molecules, even electrostatic repulsive 
forces were emerged and might become dominant in the release process, so burst release 
has been observed in case of pH 9.0 (Figure  4-25 b) other than at pH 7.4 (Figure  4-25 a).  
In addition to pH, ionic strength in this part also plays an important role. It was shown that 
no release has been observed in case of immersion solution with approximately no ionic 
strength. Meanwhile, rate of ATP release became faster with the increasing of NaCl 
concentration, which suggested a significant effect of ionic strength on the release rate. 
Such phenomenon could be explained by weakening the electrostatic interactions between 
PEI-Mal-C and HA-Na+ in the film due to the electrostatic screening of salt, which led to 
increase the swelling behavior of PEM/ATP complex. Additionally, the electrostatic 
interaction between ATP and binding sites in the films were also weakened. Similar effects 
of ionic strength on the release rates of drugs in LbL films have been reported previously 
in Reference.[385]  
 
4.8.3. Conclusion for preloading and release for both weak/weak and strong/weak 
system 
 
Tunable drug release nowadays is one of the most important issues under 
investigation. In turn, LbL thin films have been also investigated extensively for drug 
delivery applications in recent years based on the hypothesis that their highly tunable 
properties may lead to controllable drug release behavior. Drug release profile in PEM 
nanofilms depends mainly on the PEM stability, efficient drug molecules loading as well 
Results and Dissussion 
155 
 
as the stable interaction between charged drug molecules and nanofilm components. In this 
study, it was shown that pH-triggered drug release could also be used in addition to ionic 
strength to tune the release of electrostatically-bound drug molecules and the drug release 
was due to the change of net charges of weak PEs within the nanofilms. [386] PEM/ATP 
complex for both weak/strong and weak/weak systems uploaded with different ATP 
concentrations (0.2, 0.3, 0.5, 0.6 mg mL-1) were immersed in different pH and ionic 
strength mediums, e.g. pure HEPES buffer , Millipore water, PBS, HEPES+NaCl (pH 7.4 
and 9).  In this part, a set of guiding principles have been covered that should significantly 
aid future attempt to build up a high affinity loading and controlled sustained release PEM. 
These principles may be stated as follows: 
 
1- In case of both weak/strong and weak/weak systems, it is assumed that ATP 
molecules can be bound to PEM through electrostatic force and non-electrostatic 
interactions. The electrostatic interaction lead to an attraction forces between 
cationic PEI-Mal-C and anionic ATP. In addition, hydrogen bonds may be formed 
between ATP and both PEI-Mal-C (maltose shell) and counterparts polyanions 
(HE-NA+ and HA-Na+).  
2- It has been also observed from ATR-FTIR spectra that small shift for ATP band at 
900 to 897 cm-1 was demonstrated in case of weak/weak system (Appendix, 
Figure  8-43) which give a proof those ATP molecules uploaded in the form of 
aggregates in the PEM
 
films due to gain of entropy influences. However, ATP 
uploading process may lead to different PEM internal structure in order to create 
potential sites of interactions and avoid competition with the polyanion.  
3- The release rate of ATP out of PEM/ATP complex depends significantly on pH and 
ionic strength of the release medium. Approximately no release has been observed 
in case of charged-free media, Millipore-water and pure buffer solutions. The 
release was only taken place in case of salt solutions. In addition to ionic strength, 
the weak/weak system has shown pH tunable release properties. The release rate 
was faster in basic solution and in media with higher ionic strength.  
4- In case of critical molar ratio for ATP, PEM exhibited the most stable PEM/ATP 
complex, the highest ATP uploading efficiency and the slowest release profile for 
both created systems.  
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5. CONCLUSION AND OUTLOOK 
 
This study has been devoted to building up polyelectrolyte multilayers and to 
investigate for host-guest interaction of biocompatible HB core-shell polymers with 
anionic ATP molecules. Among the total non-viral gene vectors, PEI with high transfection 
efficiency has shown bright prospects in these directions. [45, 46] However, PEI is not fit 
for keeping on gene expression, [46, 47] due to its serious cytotoxicity. [48-50] Actually, 
the transfection efficiency and cytotoxicity are almost antagonistic. PEI with a low 
molecular weight, including 800-Da, 25-kDa or less, displays a low cytotoxicity and 
transfection efficiency. In contrary, PEI with higher molecular weight (up to 750 kDa) 
shows higher transfection efficiency and cytotoxicity. Investigators attempted to make 
some modification against PEI properties. [45, 46] PEI-25k was modified by Appelhans et 
al., [56] who have presented a rapid method for the development of HPEI decorated with 
different oligosaccharide architectures as carrier systems (CS) for drug and bioactive 
molecules for in-vitro and in-vivo experiments. Reductive amination resulted in HPEI with 
readily available oligosaccharide shells of different densities. The core-shell polymers PEI 
with different degrees of substitution (DS%) with maltose (PEI-Mal) were applied in the 
present study. PEI-Mal was prepared according to the scheme described by Appelhans et 
al. [56] Structures with different  DS% , ∼ 50%  and  ∼ 20%  for PEI-Mal-B and PEI-Mal-
C, respectively were achieved. Therefore, different densities of maltose shell were obtained 
(Scheme  2-4) by reductive amination. Both PEI-Mal-B and PEI-Mal-C are characterized 
by their open shell. With the increase of DS%, both the isoelectric point and the surface 
charge of the PEI-Mal macromolecules will be decreased. At pH 7.5 PEI-Mal-B has less 
positive charge than PEI-Mal-C (Table 4-3).  
 
The formation of a new kind of biocompatible PEMs based on the novel 
polycationic PEI-Mal was due to an alternative adsorption of PEI-Mal (PEI-Mal-B and 
PEI-Mal-C) (Scheme  5-1), combined with strongly charged polyanion HE-Na+ 
(Scheme  5-1) forming weak/strong system or weakly charged polyanion HA-Na+ 
(Scheme  5-1) forming weak/weak system. In order to summarize observations in this 
study, two divisions will be addressed: (i) The first part was the building up studies for 
both PEM systems (ii) the second was the drug loading and release study, whether via 
preloading or postloading strategies. ATP was the drug model in this study, which has been 
Conclusion and Outlook 
157 
 
loaded and released for both created systems, weak/strong and weak/weak systems. 
Accordingly, one can expect that the coating composed of PEI-Mal, HE-Na+ and HA-Na+, 
serving as PE with opposite charges to fabricate thin PEM, in addition to ATP as a drug 
model, should promote a favorable responses to tissue regeneration and controlling cell 
behaviors. 
 
Scheme  5-1.  Polycations and polyanions structures 
 
Although some previous studies have focused on studying the dissociation behavior 
in ML films of weak PEs, built with 2 or more counterparts of equal kinetic affinities, 
[387-389] this is the first study that uses maltose modified poly(ethyleneimine) as PEM 
weakly charged polycationic counterpart and it is also one of the few studies which gives a 
clear link to: 
 
(i) The possibly to build up stable PEM structure although the kinetic affinities between 
PEM counterparts are not equal and of different stoichiometric ratio. PE‘s charge 
densities may be adjusted by adjusting their concentrations toward each other. The 
charge densities adjustments have been investigated through PCD, DLS and zeta 
potential measurements. The main role in this scenario was given to PEI-Mals, e.g. 
PEI-Mal-B and PEI-Mal-C, of weak charge densities.  
 
(ii) Although electrostatic interactions between polyions forming PEM are one of the most 
important interactions in the PEM formation, in comparing the electrostatic to non-
electrostatic interactions, the priorities are to the non-electrostatic interactions, e.g. 
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short rang interaction, Van der Waal forces, double layer force, hydrogen bonds, 
DLVO and non DLVO forces, etc. 
 
(iii) Both electrostatic and non-electrostatic driving forces profoundly affect PEM growing 
regime, which in turn has a dramatic influence on PEM stability and its performed 
interactions toward the surrounding. 
 
(iv) The growth regime is highly affected by the polyions kinetic affinities to each other. In 
case of weakly charged polyions, the PEM growth is profoundly responsive to the 
assembly pH, where it is possible for the growth regime to be converted from 
kinetically blocked to labile kinetically growing system  
 
(v) In addition to previous points, a further study on how the conformational secondary 
changes are manifested in the physicochemical properties of fabricated PEM has been 
done. Hence, controlling the dissociation behavior of weak PE is a valuable tool for 
tailoring PEMs with desired properties. This phenomenon is a particularly important 
consideration for many potential biomaterials applications for PEMs, which have 
specific requirements for the fundamental physical properties such as wettability, 
surface friction, and degree of swelling (SD %). These properties dictate how the 
material will interact with biological structures such as proteins and cells and, 
therefore, determine the suitability of the material to a particular application. Drastic 
changes in the character of the films can be created, readily and reversibly making 
these films promising for a diversity of applications. 
 
5.1. Polyions stoichiometric ratio calculation 
 
This step was one of the important steps in this study, where calculation of the 
optimal stoichiometric ratio for both weak/strong and weak/weak system has been 
performed. In this step, different modalities have been used to emphasis becoming results, 
e.g. zeta potential, DLS, PCD and ATR-FTIR. It has been proved that PEM optimal ratio 
for PEI-Mal-B against HE-Na+ and HA-Na+ was 20:1 (Appendix, Figure  8-2, 4-3) and 
2:1(Appendix, Figure 8-4 and Figure 4-4), respectively. However, for PEI-Mal-C the ratio 
was 7:1 (Appendix, Figure 8-3 and Figure 4-3) and 1:1 (Appendix, Figure 8-5 and 
Figure 4-4), for HE-Na+ and HA-Na+, respectively. This different stoichiometric ratio was 
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to adjust the kinetic affinities by varying polyions concentrations and ratios toward each 
other.  On the basis of these attributes, it is hypothesized that it is possible to build-up PEM 
with non-equal stoichiometric ratio. This will open a new future in creating stable PEM 
with polyions of different kinetic affinities and charge strength.   
 
5.2. Precoating formation 
 
PEI-25k was selected as polycation to form pre-coatings on the surface of 
negatively charged substrate acting as uniform anchoring network for consecutive layers 
formation featured with a homogeneous and smooth PEM surface at higher number of 
bilayer formation. Two different precoating have been created on the surface of planar 
substrates. According to the precoating formation method, different approaches have been 
used. Precoating of PEI-25k has been created at pH 11 (PEI-11) and at pH 9.5 (PEI-9.5), 
for Approach A and B, respectively. Thickness of precoating has been traced as a function 
of time for different pHs values 11, 9.5, 5.5 for 2 day (Figure  4-5). It is important to 
mention that PEI-25k is practically neutral at pH ≥ 10.5, whereas it possesses considerable 
charge density in the acidic pH range. [320] At pH 11, thick precoating (∼ 60 nm) 
(Appendix, Figure  8-7and Figure  4-6, 4-5), measured by means of ellipsometry as well as 
AFM, has been created on deposition of PEI-25k onto freshly activated planar surface for 2 
days. This thickness (d) was significantly affected at pH 9.5 and 5.5, where d was ∼ 30 nm 
(Appendix, Figure  8-8, 4-5) in case of pH-9.5 and ∼ 4nm in case of pH 5.5 (Figure  4-5). 
This variation in PE adsorbed amount and the layer thickness may be due to the 
pronounced role of the electrostatic segment/segment repulsion. I.e., by increasing degree 
of the protonation of PEI, the deviation from the initial adsorption rate becomes steeper 
and the adsorption decreases monotonically with the increase of pH value at a fixed ionic 
strength. [319] Only the thick layers PEI-11 (∼ 60 nm) and PEI-9.5 (∼ 30 nm) were chosen 
for further experiments. It was also important to check the topology and morphology via 
AFM for both chosen precoatings for later PEM building up. In case of PEI-11 (thicker 
layer) the surface topography appeared smooth with rms of 10 nm with no bloblike shapes 
or island appeared on its surface (Figure  4-6, Table  4-4). However, in case of PEI-9.5, a 
seemly rougher surface of rms ∼ 30nm has been observed (Figure  4-7 and Table  4-4).  
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5.3. PEM formation and building up regime  
 
The driving force of the buildup process appears, as for ‘’conventional’’ PEM 
systems, to be the alternate overcompensation of the surface charge after PEI-Mal and the 
polyanion deposition. It has been shown in this study that the PEM construction seems to 
take place by the formation of isolated islands, islets and then bloblike structure dispersed 
on the surface, which in turn grow by addition of new PEs on their top and by mutual 
coalescence. [321] AFM has shown in the first stages of building up that both higher rms 
and pores are presented (Appendix, Figure  8-10 – 8-19). AFM has also shown that after 
reaching higher number of bilayers depositions, a continuous PEM film is formed without 
any holes or pores .(Appendix, Figure  8-10 – 8-19).  
 
PEM building up has been established with three different approaches, Approach 
A, B and C. The main distinguish character between Approach A and B was the 
precoating, where PEI-11 and PEI-9.5 was used for Approach A and B, respectively. 
While for Approach C, the polycationic PEI-Mal was protonated with HCl (0.5M) and its 
pH was adjusted to value 5.5. For weak/strong system, it has been shown via ellipsometric 
investigations that PEM growing regime and its overall mass seem to increase in a pseudo-
linear or exponential way in case of Approach A and Approach B for PEI-Mal-B and PEI-
Mal-C, respectively. For PEM (PEI(HE-Na+/PEI-Mal-B)50), no growth differences have 
been observed between Approach A and C, while B was of linear growing regime, 
however, more investigations are recommended. For PEM (PEI(HE-Na+/PEI-Mal-C)50), it 
was clearly observed that the exponential growing regime has switched to completely 
linear growing up after changing Approach A and B to C (Figure 4-8 b). In Approach C, it 
was assumed that after PEI-Mal was protonated and adjusted to pH 5.5, it lost part of its 
flexibility and a kind of labile/kinetically blocked growth transition has been achieved 
(Scheme  4-4).  PEM thickness was measured by ellipsometry. In case of PEM (PEI(HE-
Na+/PEI-Mal-B)50), thickness of 50 bilayers was measured in range of ∼165 nm and ∼139 
nm for Approach A and B, respectively. The highest thickness was measured for PEM 
fabricated with Approach C and it was ∼175 nm. For PEM (PEI(HE-Na+/PEI-Mal-C)50), 
thickness for 50 bilayers has been measured in values: 1.29 µm, 1.13 µm and 185 nm for 
Approach A, B and C respectively. 
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In case of weak/weak system, PEM (PEI(HA-Na+/PEI-Mal-C)25) has been 
successfully built-up. Both charge densities for PEI-Mal-B and PEI-Mal-C have been 
investigated. Only PEI-Mal-C for building up weak/weak PEM with stoichiometric ratio of 
1:1 has been chosen. PEM (PEI(HA-Na+/PEI-Mal-C)25) thickness has been measured via 
ellipsometry with values 1.44 µm. 1.43 µm and 479 nm for Approach A, B and C, 
respectively. It has been emphasized according to ellipsometric measurements, that there 
were two different growing regimes with switching point involved in the same PEM 
system (Figure  4-9). This PEM switching point was clearly obvious after the 10th bilayer 
(Appendix, Figure 8-20). The only logical postulations for this phenomenon are that both 
polyions PEI-Mal-C and HA-Na+ are diffusing in-and-out of PEM structure. This would 
throw more light upon the kinetic behavior of the prepared PEM. It was shown in Table 4-
3 that the calculated charge density of HA-Na+ is lower than that of the protonated PEI-
Mal-C. This means that it was not possible to compensate all the cationic sites on PEI-Mal-
C in one deposition step. Otherwise, PEI-Mal-C compensation has been established in a 
successive way and when the film is further brought in contact with HA-Na+ solution 
during the layering up process. 
 
5.3.1. PEM swelling and stability 
 
The main task in this study and the most challenging point was to have a stable 
PEM against different environmental circumstances. Intensive effort has been carried out 
to adjust the whole polyions affinities to one another in the building up. Thus, it was logic 
to measure both swelling and stability behaviors for both weak/strong and weak/weak 
systems. The high stability of PEMs, which was generally observed, was attributed to the 
large number of electrostatic and non-electrostatic interactions formed between polyions in 
subsequent layers. These results were discussed in two different directions, which were 
swelling and stability. Actually both behaviors cannot be separated; the resultant PEM 
must have the ability to swell in order to interact with surrounding and this swelling must 
be accomplished with stable PEM. 
 
In case of weak/strong system, Approach A, B and C have been examined for four 
days in three different submersion media; Millipore water, PBS and NaCl (0.1M).  Firstly, 
in the direction of swelling and for PEM (PEI(HE-Na+/PEI-Mal-B)50) : for the three 
approaches, SD% in PBS buffer was ∼107%, ∼105% and ∼130%, for Approach A, B and C 
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, respectively (Figure  4-12 a, Table  4-6). However, for PEM (PEI(HE-Na+/PEI-Mal-C)50), 
SD% in PBS buffer was ∼171%, ∼248% and ∼67%, for Approach A, B and C, respectively 
(Figure  4-12 b, Table  4-6). Secondly, in the direction of stability: all of the approaches for 
both PEI-Mal-B and PEI-Mal-C were stable in Millipore water. The most stable PEM was 
that fabricated by Approach C. Approach C for both PEI-Mal-B and PEI-Mal-C was 
kinetically stable in the three stated media for the whole subjected period. This may be 
relied on the linear growing regime and PEM formation features. The lower the pH of 
weak polycation, the higher the degree of its charge ionization will be achieved. Therefore, 
its ionic interactions with strongly charged polyanion in PEM will be enhanced. This 
increase in ionic interactions may lead to impaired mobility of the polycation. Only about 
∼5 nm for both PEMs by PEI-Mal-B and PEI-Mal-C were reduced from the total dry initial 
thickness after being subjected to PBS buffer solution for four days (Table 4-5). 
 
In case of weak/weak system, PEM (PEI(HA-Na+/PEI-Mal-C)25) was subjected to 
the same submersion media for four days. Firstly, in the direction of swelling, all the 
approaches have swollen with the same SD%, which was ∼50% (Table  4-9). Secondly, for 
stability and equilibrium, the most stable approach was Approach C; there was no variation 
between the initial thickness and the final after subjecting the PEM to PBS buffer solution 
for 4 days (Table  4-9 and 4-10). Approach A and B lost about ∼6% of their total thickness 
after being subjected to PBS buffer solution for 4 days.  
 
In case of Approaches A and B for both systems, weak/strong and weak/weak 
systems, they were not totally stable in the presence of counterions, e.g. PBS and NaCl, in 
contrary to Millipore water. The situation for weak/strong system was worse than that of 
weak/weak system. This may be due to the different growth regimes which are followed by 
both systems. This degradation may be explained that there was a kind of reduction in the 
complexation sites and densities related to the transition from intrinsic to more extrinsic 
charge compensation. These different interactions have led to a high SD%, which in turn 
simply led to a successive degradation of the system over time, e.g. weak/weak system in 
NaCl (0.1M) (Figure  4-14), or in other cases the instant destruction of the whole system 
once subjected to the charged medium, e.g. weak/strong system in NaCl (0.1M) 
(Figure  4-11). This may emphasize the idea that counterions have kinetically disturbed 
PEM built-up fabricated by Approach A and B, however, the disturbance was lower in case 
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of Approach C which was more kinetically blocked. The SD% for PEM via Approach C 
was lower than the others (Table  4-6, 4-9), this was probably due to counterions 
penetration difficulties and extrinsic/intrinsic transition creation. From here it was 
concluded that the higher the chain mobility, the stronger the ability for the system to swell 
and the lower stability.  
 
5.4. Drug loading and release methods 
 
ATP anionic molecules were considered as the drug model in this study. This part 
was divided in to main sections: (i) drug cyclic loading and release or the drug postloading, 
(ii) and secondly, ATP molecules were considered to be one of main PEM counterparts or 
drug preloading. In the latter case ATP was mixed with both polyions and the chosen ATP 
concentrations was depending on the molecular weight of the respective monomer units of 
the used polyanion (Experimental, Section 6.2.2). For the drug loading and release step, 
the most stable PEM (fabricated by Approach C and polycationic PEI-Mal-C) has been 
used.  
 
5.4.1. Drug postloading and release 
 
In this part ATP has been treated exactly similar to counterion-like fashion. For 
both systems excess concentration of ATP (0.5 mg mL-1) has been used. The most 
important difficulty in this part of study is that PEM has to be stable even after the 
uploading of anionic ATP molecules. For both systems cyclic upload and release has been 
achieved. The ATP absorbance fluctuated regularly with the successive loading and release 
of ATP molecules in both weak/strong and weak/weak systems and the adsorption 
efficiency of PEM to ATP were almost unchanged after ≥ 20 times of loading and release 
(Table 4-10, 4-11).  Intriguingly, two different features have been observed: the first 
observation was in case of weak/strong, where after PEM being subjected to ATP (0.5mg 
mL-1) PEM swelling has been demonstrated (Figure 4-19). However, in case of 
weak/weak system the contrary and PEM shrinkage has been observed (Figure  4-20). For 
linearly kinetically blocked weak/strong system, a group of adjacent intrinsic ion pairs has 
sequentially dissociated, moved and reassociated in the presence of ATP (Scheme  5-2). 
Side-to-side to the intrinsic sites new interaction sites so called extrinsic sites of interaction 
has been created. This dissociation and new interaction has led to the swelling behavior. 
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The conformational structure of PEM counterparts plays an important role in suggesting 
the growing regime, which in turn affects drug loading affinity and release.  
  
Surprisingly, the previous observations have been reversed in case of weak/weak 
system (Figure  4-20). For explaining this behavior, two different reasons have to be 
presented: (i) presence of uncompensated sites of positive PEI-Mal-C, especially on the top 
of PEM (anomalous inter-diffusion portion), this with no doubt increases the probability 
for the anionic ATP molecules to interact via extrinsic sites with PEI-Mal-C, which led to 
the formation of interlayer bridge between layers (Scheme  5-2). These interlayer bridges 
compressed fabricated PEM and reduced its thickness   (ii) The second reason for the PEM 
collapsing feature represented for PEM (PEI(HA-Na+/PEI-Mal-C)20) might be due to the 
presence of the polyanion HA-Na+. Previously polyelectrolyte gel behavior and the 
conformational changes for HA-Na+ have been discussed (Scheme  4-7). [370] The PE-gel 
in this case was that in higher ionic strength, it preferred to shrink exactly like natural gel. 
It was assumed from the previous data that ATP molecules were stable and interacted with 
PEM mainly through strong electrostatic interactions in the presence of additional non-
electrostatic interactions, e.g. hydrogen bond, gain of entropy... etc., for PEI-Mal-C and 
HA-Na+. Therefore, it was difficult for ATP to be released in the presence of Millipore-
water and pure buffer as submersion solutions and without PEM kinetic disturbance action. 
The complete ATP release was achieved only in NaCl (0.1M) pH 6.5 in case of 
weak/strong system (Table 4-10) and through HEPES (0.05M) + NaCl (0.1M) pH 9 
(Table  4-11). 
 
Scheme  5-2. ATP loaded PEM via Approach C for weak/strong and weak/weak systems   
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5.4.2. Drug preloading and release 
 
In case of drug preloading, addition of salt (ATP molecules) to the PE solution 
during ML preparation introduced counterions which also contributed to complex 
formation. [145, 390, 391] It was expected that the loading process has been performed 
due to PC/ATP complexation, with molar ratio arranged in descending order : 1: 35, 1:29, 
1:23 1:18, 1:12 and 1:5, for ATP mass values with descending arrangement 0.6, 0.5, 0.4, 
0.3, 0.2 and 0.08 mg mL-1. ATP molecules have been also mixed to polyanions (HE-Na+ 
and HA-Na+) with different molar ratios. The mixing ratio of both PA and PC was 1:5. 
This ATP/polyanion mixing has raised non-electrostatic interactions between ATP and the 
presented polyanions. From the previous data investigated from ATR-FTIR and a small 
shifting in the ATP isolated band in weak/weak system from 900 to 897 cm-1, one can 
conclude that ATP molecules formed aggregates in the PEM
 
films. For the assumption that 
ATP contributed to PEM in counterions-like fashion, therefore as if ATP molecules 
concentration increase, the counterions screening effect will be also further increased till 
reaching the threshold. After this critical ATP concentration, PEM existence probability 
will be decreased till destroying the whole PEM equilibrium and no PEM structure will be 
found onto the interface’s surface. In the threshold, maximum loading affinity and system 
equilibrium will be achieved (Figure  4-21, 4-24). Those strong electrostatic and non-
electrostatic loading interactions affect profoundly the release profiles. The release rates of 
ATP molecules from PEM structure significantly depend on pH and ionic strength of the 
medium in which ATP was released. No release has been achieved in either Millipore 
water or pure buffer solution.  The release has been only achieved for both weak/strong 
and weak/weak systems, when they subjected to a kinetic disturbance conditions. For 
weak/strong system, harsh immersion solution of HEPES buffer solution (0.01M) in 
addition to NaCl (0.1M) pH 7.4 was used (Figure  4-22). However for weak/weak system, 
PEM has been subjected to HEPES buffer solution (0.05M) in addition to NaCl (0.1M) pH 
7.4 , whereas the release was faster in pH 9 (Figure  4-25). At pH 9.0, PEI-Mal-C will be 
deprotonated and the positive charge will be less to combine with anionic ATP molecules 
and thus the electrostatic repulsive forces will be emerged and become dominant in the 
release process. Therefore, burst release has been observed in case of pH 9.0 (Figure  4-25 
b) than that of pH 7.4 (Figure  4-25 a).These data suggest an interesting hypothesis with 
respect to PEM composition and drug release tuning properties under the effect of ionic 
strength and pH values. The change in net charges results in attraction or repulsion 
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between charged drug molecules and PEM film components thereby leading to the tuning 
of drug release. [236] 
 
Finally, it is important to conclude that a stable glycopolymers PEM based on a 
novel polycationic maltose modified hyperbranched poly(ethylenimine) has been 
successfully created.  Optimum conditions for PEM building up were observed whether in 
case of equal (1:1) (weak/weak system) or variable stoichiometric ratio (weak/strong 
system). A stable swelling PEM without degradation has been achieved. The finally 
created PEMs for both weak/strong and weak/weak systems have been efficiently loaded 
with a drug model (ATP). ATP release out of PEM has been achieved without PEM 
degradation for both preloading and postloading strategies. These biocompatible PEMs  
built-up with polycationic PEI-Mal and polyanionic HE-Na+ and HA-Na+ being a natural 
extracellular matrix polysaccharide are profoundly considered as a model substrates for the 
design of bioactive films and drug delivery coatings. In particular, this kind of film should 
enhance specific cell proliferation or adhesion. The incorporation of biologically active 
compounds in the films or their coupling to PEI-Mal molecules is also foreseen. Indeed, 
investigation of living cells interaction with these fabricated PEMs should be investigated 
in a future work.  
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6. EXPRIMENTAL PART 
6.1. Chemical reagents and preparation methods 
6.1.1. Polyelectrolytes 
6.1.1.1. Polycations 
 
 Cationic  maltose-modified hyperbranched poly(ethyleneimine) (PEI-Mal) was 
received by reductive amination of hyperbranched PEI  in the presence of minor maltose as 
previously described by  Appelhans et al. [56] Two different architectures of PEI-Mal were 
used in this study: PEI-Mal-B and PEI-Mal-C. Poly(ethyleneimine) (Lupasol WF) (PEI-
25k) (Mw = 25,000 g mol-1,  Mn = 9,600 g mol-1,  PDI = 2.6,  DB = 70.6 %) was used as the 
core of  PEI-Mal and PEM precoating. It was purchased from BASF SE 
(Ludwigshafen/Germany) 
 
Synthesis of PE-Mal-B and PEI-Mal-C 
 
The  following  general  experimental  procedure  was  applied  to  obtain  various  
maltose modified  PEI (Scheme 6-1);  it  corresponds  to  the  original  procedure  
described  by  Appelhans  et  al. [56]  
 
(i) Synthesis of PEI-Mal  structure B (1:0.5): 5 g of PEI-25k was  dissolved  in  
100 mL  of  0.1 M  sodium  borate  solution  followed  by  the  addition  of 21g D(+)-
maltose  monohydrate  and  7.3 mL of borane pyridine complex (BH3·Py) purchased from 
sigma (Germany) in round bottom flask of 250 mL, i.e. BH3·Py complex was injected 
under being stored in nitrogen gas. The reaction solution was vigorously stirred at 50°C for 
7 days and stored in oil bath to avoid change in temperature (Scheme  6-1). Then, the crude 
product was purified by dialysis toward Millipore-water for 3-4 days, taking in account 
that dialytic Millipore water must be changed 3-4 times/day.  
(ii) Synthesis of PEI-Mal structure C (1:0.2): 5 g of PEI-25k was  dissolved  in  
60 mL  of  0.1 M  sodium  borate  solution  followed  by  the  addition  of 8.395 g D(+)-
maltose  monohydrate  and  2.9 mL of BH3·Py complex in round bottom flask of 250 mL 
in oil bath (Scheme  6-1), i.e. BH3·Py complex was injected under being stored in nitrogen 
gas. The reaction solution was vigorously stirred at 50°C for 7 days. Then, the crude 
product was purified by dialysis toward Millipore-water for 3-4 days.  
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For dialysis, membrane of approximately 2000 MWCO was used. The different 
maltose-modified PEIs were obtained via freeze-drying. The yields were between 60 and 
90 %. The molar ratio NH-groups/maltose and masses of D(+)-maltose monohydrate 
required for the reaction with 1 g of PEI. The molar amount of D(+)-maltose monohydrate 
and the reduction agent was taken in an equimolar ratio. Structural characterization of 
various PEI-Mal architectures was shown in Scheme  4-1.   
 
Scheme  6-1. Simplified schematic diagram showing PEI-Mal (a) synthesis step followed 
by (b) dialysis step 
 
 For the synthesis of PEI-Mal, poly(ethyleneimine) (PEI 25k) (Lupasol WF with 
molecular weight (Mw ) 25000 g mol−1 , Mass number (Mn)  9600 g mol−1, [56] and degree 
of  branching of about 71%, using 13C NMR method, [56] was used. Lupasol WF was 
received by BASF SE (Ludwigshafen/Germany).  Molecular properties (Molecular weight 
and degree of maltose substitution of amino groups in PEI-Mal) of PEI-Mal are 
summarized in Table  4-1. Maltose was purchased from Sigma–Aldrich.  
 
6.1.1.2. Polyanions 
 
Two different systems have been established with two different polyanions: (i) 
weak/strong system (ii) weak/weak system. 
(i) For weak/strong system - anionic heparin sodium salt (HE−Na+) was purchased 
from Roth (Germany), (Mw = 2×104 g mol-1).  (ii) For weak/weak system - anionic 
hyaluronic acid sodium salt from streptococcus (HA-Na+) (Mw = 1500-1800 kDa) was 
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purchased from Sigma–Aldrich (Germany). HA-Na+ solution was always prepared the day 
before the dipping deposition experiment and stored overnight at room temperature to 
allow for a complete dissolution of the initially formed gel. Adenosine 5′-triphosphate 
disodium salt hydrate (ATP) (≥99%) was purchased from Sigma–Aldrich (Germany). 
Polyanions were used directly without being further purified or chemically treated.  
 
6.1.2. Substrate activation 
   
In this study, two different types of planar solid substrates have been used (i) for 
ATR-FTIR measurement: rough attenuated total reflection-Fourier-transform infrared 
(ATR-FTIR) internal reflection prism/element (IRE) from silicon (Si-IRE) and germanium 
(Ge-IRE) single crystal have been used. A specific trapezoidal polished silicon single 
crystal was used and purchased from Komlas GmbH (Berlin, Germany). (ii) Thermally 
grown oxide layer treated smooth Si wafers were also used as a solid substrate. Si wafers 
with thermal silicon oxide SiO2 layer thickness measured (25–30 nm) by multi-wavelength 
ellipsometry were purchased from Institute of Semiconductor and Microsystem Technique, 
Technische Universität Dresden (Germany). Si-IRE was cleaned by piranha solution 
(H2SO4:H2O2) (1:1) for 30 min then Si-IRE was re-cleaned using remote chemical analysis 
(RCA) protocol or called standard cleaning. The slides were immersed in a mixture (H2O2 
(pa, 30% aqueous solution, Fluka): NH4OH (pa, 28% aqueous solution, sigma aldrich): 
Millipore-water) (1:1:5) for another 30 min at 70ºC, then rinsed thoroughly with Millipore 
water and ethanol. 
 
 Ge-IRE is so fragile and on subjected to these harsh condition will be instantly 
damaged. Ge-IREs were practically cleaned by mechanically rubbing by humid tissue 
pads. Latter was followed by UV plasma treatment under low pressure (Sterilizer PDC-32 
G, Harrick, Ossining, NY, U.S.A., medium RF power level of 10.5 W) for 10 min. to 
remove organic impurities and create reproducible surface properties. The latter step was 
followed by being immersed in absolute ethanol for 1 minute and then dried thoroughly 
under a stream of dry nitrogen.  
 
Si wafers were activated via sonication for 30 min in Millipore water, then they 
were once more sonicated for 30 min in absolute ethanol and finally another 30 min in 
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remote RCA protocol (1:1:5) (NH4OH: H2O2: Millipore) at 70ºC, rinsed thoroughly with 
Millipore water and ethanol, and then blow-dried carefully with N2 stream. 
 
6.1.3. Solvents, buffer solutions and submersion solutions 
 
(i) Phosphate buffered saline (PBS) tablets were purchased from Sigma–Aldrich 
(Germany). PBS buffer solution was of concentration 137 mM NaCl, 2.7 mM KCl, 0.01M 
PO43- and pH7.4. (ii) NaCl solution (0.1M) was purchased from Sigma–Aldrich (Germany). 
(iii) 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES buffer) (0.01M and 
0.05M) of pH 7.4 adjusted by using NaOH 0.1M. Both HEPES buffer and NaOH were 
purchased from Sigma–Aldrich (Germany). (iv) HEPES (0.01M) +NaCl (0.1M) mixed 
with ratio 1:1 at pH 7.4, solution pH was adjusted by using NaOH (0.1M) (v) HEPES 
(0.05M) + NaCl (0.1M) mixed with ratio 1:1 at pH 9, solution pH was adjusted by using 
NaOH (0.1M).  (vi) Deionized water (Millipore, Germany) was used having a resistance of 
18.2 MΩ cm (25ºC). Hydrochloric acid concentrate (HCl) (0.5M) and sodium hydroxide 
(NaOH) (0.1M) were purchased from Fluka (Germany). This was sufficient to stabilize the 
pH of all polyelectrolytes within 0.05 pH unit. All chemicals were used without further 
purification.  
 
6.1.4. Precoating preparation 
 
The precoating is always PEI-25k (Lupasol WF) that was received from BASF SE 
(Ludwigshafen, Germany).The freshly activated substrates were being directly stored in 
the stirring direction of a slow-wise stirring PEI-25k solution (2mg mL-1) for 20 hours. 
PEI-25k with pH 11 (PEI-11) fabricate thick precoating 60 nm, measured by ellipsometry 
(Approach A). However, when PEI-25k pH was adjusted by using HCl (0.5M) to pH 9.5, 
PEI-9.5 was fabricated. Solvent used in precoating was Millipore-water.      
 
6.1.5. Preparation protocol (polyelectrolyte multilayer self-assembly formation) 
 
The multilayers were prepared according to the LbL technique suggested by 
Decher. [131] The LbL technique was performed using automatic dip-coating device, dip-
coater with variable dipping speed (DIP COATING ROBOT DR-3, Riegler & Kierstein 
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GmbH, Berlin , Germany). PEMs are built up with a rather simple experimental setup 
sketched in Scheme  2-6. If the cycle process starts for example from a negatively charged 
substrate to grow the film, the first layer is deposited through polymer adsorption by 
dipping the surface into a polycationic solution (positively charged). The next step is to 
rinse the surface in Millipore-water in order to remove the polymers that are not tightly 
bound to the substrate. This ensures that no free polycations interact in solution with the 
other components would be still in contact to the film. The next layer is deposited by 
immersion of the substrate containing the first layer into a solution of the oppositely 
charged polymer. The new layer is then washed. This cyclic process is carried out until the 
desired number of layers is achieved. The solution dip method has been automated using a 
variety of commercially available instruments (M. Müller, IPF Dresden e.V., Germany). 
 
6.1.5.1. Systems under investigation 
 
Two different systems have been created and investigated. (i) weak/strong system: 
(a) polycations used for PEM formation were PEI-Mal-B and PEI-Mal-C (b) polyanion 
used in this system is strong negatively charged heparin sodium salt (HE-Na+). (ii) 
weak/weak system: (a) polycation used for PEM formation was PEI-Mal-C, however (b) 
polyanion was weak negatively charged hyaluronic acid sodium salt (HA-Na+). All PEM 
systems have been created using three different approaches, Approaches A, B and C. PEM 
system were build-up on planar substrates. 
 
6.1.5.2. PEM Approach A, B and C 
 
PEM were prepared using Approach A, B and C, presented in Scheme  4-2, and 
described as follows where the outermost layer is always polyanion: All substrates were 
first primed with a layer of PEI-25k for 20 hours (pre-coating’s pH depends on which 
approach has been used).   
 
Approach A - activated substrate was dipped into a precoating solution of PEI-11, 
composed of PEI-25k 2mg mL-1 in 18.2 MΩ Millipore water with pH 11 for 20 hours, then 
this is followed by alterative deposition of PEI-Mal at pH 7.5-8 for 20 min followed up by 
1 min rinsing step in Millipore water and polyanions (HE-Na+ or HA-Na+) pH 7.5-8 for 20 
min followed up by 1 min rinsing step in Millipore water. This process will be repeated 
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several times until the desired number on bilayer formation is achieved for fabricating 
defined PEM. For weak/strong system: 20 wt% aqueous solution of PEI-Mal-B adjusted to 
pH 7.5-8, 7 wt% aqueous solution of PEI-Mal-C adjusted to pH 7.5-8 against 1wt% 
aqueous solution of HE-Na+ , kept at its physiological pH 7.5-8, were used for establishing 
different PEM . However, for weak/weak system PEM was fabricated with PEI-Mal-C: 
HA-Na+ with concentration ratio 1:1 (0.5mg mL -1). The pH of both polyanions and 
polycations solutions were depended on Millipore solution used to dissolve them within 
the experimental and with uncertainty of 0.5 pH units. 
 
Approach B - Approach B was exactly similar to Approach A except in the precoating. 
PEI-9.5 was used as a positively charged precoating for PEM formation. PEI-25k (2mg 
mL) dissolved in 100mL 18.2 MΩ Millipore water adjusted by using HCl (0.5M) to pH 
9.5. The precoating is followed by PEM deposition to the desired number of cycles per 
depositions (Scheme  4-2).  
 
Approach C - activated substrate was soaked into a pre-coating solution of PEI-25k 2mg 
mL-1 dissolved in 18.2 MΩ Millipore water with pH 11 (PEI-11) , for 20 hours, then this 
was followed by alterative deposition of polyanions  (HE-Na+ or HA-Na+) pH 7.5-8 for 20 
min followed up by 1 min rinsing step with Millipore water and PEI-Mal at pH 5.5 , 
adjusted by HCl (0.5M) for 20 min followed up by 1 min rinsing step with Millipore water. 
This process is steadily repeated until the desired number on bilayer formation was 
achieved. The same mass ratios of PEI-Mal-B and PEI-Mal-C against HE-Na+ and HA-Na+ 
as mentioned in Approach A have been used. 
 
6.1.6. Preparation in-situ PEM 
 
The precoated internal reflection elements (ATR crystals) were placed in an in situ 
ATR cell (M. Müller, IPF Dresden e.V., Germany) forming an upper sample (S) and a 
lower reference (R) compartment on the front side of the Ge-IRE, respectively, sealed by 
O-rings. PEM deposition was achieved by contacting alternately the S compartment of the 
IRE with polycation solution (i), Millipore water (ii), polyanion solution (iii), Millipore 
water (iv) and again with (i) using a peristaltic pump (ISM 931, Ismatec®, Germany) at a 
flow rate of 5 mL min-1 for a defined number of adsorption steps. Every adsorption step 
polycation takes 20 min and every rinsing step (Millipore water) 1min. The R compartment 
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was filled with Millipore water. The layering up was achieved by flowing 50 mL of desired 
solution in a closed-loop mode at the same mentioned flow rate (Scheme 6-2). 
 
 
Scheme  6-2. Simplified schematic diagram represents the protocol for preparation of in-
situ PEM via in-situ ATR-FTIR flow cell. PEM deposition is performed on the surface of 
Si-IRE. The same procedure was used in case of the postloading drug release, taking in 
account that the solution is changed from the polyions to the immersion solutions with 
different ionic strengths and pH values. 
 
6.2. Uptake and release process  
6.2.1. Drug cyclic upload and release (drug postloading) 
 
PEM of only 20 bilayers for both weak/strong system and weak/weak system has 
been created, in order to facilitate measurements via ATR-FTIR as it was difficult for 
ATR-FTIR to detect more than 1 µm.  In case of ellipsometric measurements: PEM was 
built-up on silicon wafers, while for ATR-FTIR spectroscopy measurements: PEM was 
built on ATR-IRE. The drug model in all cases is adenosine tri-5’ phosphate disodium salt 
(ATP) 0.5mg mL-1. The prepared PEM was built in the in-situ cell: (i) ellipsometry cuvette 
and/or (ii) ATR-flow cell (Scheme  4-8 and 6-2). (i) The PEM is subjected to Millipore 
water or PBS buffer (Scheme  6-3) in order to swell and increase the probabilities for ATP 
loading to the PEM bulk structure. The latter step is followed by ATP addition, taking in 
account that PEM structure must be kept in the wet state. ATP absorption lasted about 40 
minutes. The previous step was followed by several number of rinsing steps. It is worth to 
mention that the PEM surface must be wet during the whole in-situ experiment. The in-situ 
cuvette occupied for 5mL of total liquid content. The submersion solution in contact to the 
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surface was squeezed away, keeping one centimeter square from this solution. The 
concentration of ATP solution (0.5 mg mL-1) was calculated using dilution equation, Eq. 
6-1 is represented in Reference [392]:  
                                            CinitialVinitial = CfinalVfinal                                       Eq. 6-1 
Where, Cinitial and Vinitial are the initial concentration and the initial volume of the 
submersion solution, respectively. Cfinal and Vfinal are the final concentration and the final 
volume of ATP solution in cuvette, respectively. 
 
 
Scheme  6-3. Ellipsometric models for weak/strong and weak/weak systems for ATP 
absorption with the top Cauchy PEM where d and n were simultaneously fitted. (a) Dried 
PEM, (b) swollen PEM and (c) PEM state after ATP addition 
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(ii) In case of in-situ ATR-FTIR, cycling loading and release have been done in 
closed system by using a peristaltic pump at a flow rate of 5mL min-1 for both swelling and 
immersion solutions (Scheme  6-2). Then, PEM was subjected to Millipore water, as a 
swallowing medium, till reaching the maximum equilibrium. The latter step was followed 
by the ATP (0.5 mg mL-1) addition with keeping in mind that the PEM system must be all 
the time in a wet state. The ATP addition lasted around 40 minutes and then was followed 
by 5 cycles of fresh Millipore water rinsing steps. Then the complete rinsing steps have 
been done. 
 
In case of weak/strong system the complete ATP release has been performed via 
submersion solution NaCl 0.1M pH 6.4. Moreover, in case of weak/weak system the 
instant and complete release has been performed after the addition of the immersion 
solution HEPES (0.05M) +NaCl (0.1M) (1:1) solution pH 9. 
 
6.2.2. Drug preloading and release 
 
In this part ATP molecules are considered to be one of the PEM’s counterparts 
(Scheme 4-9). The built up PEM/dug complexation: polycation/polyanion/ATP is shown 
in Scheme  6-4.  
 
Scheme  6-4. Simplified sketch presenting PEM/ATP complexation interaction 
 
In case of weak/strong system:  In this method, PEM deposition was adjusted by 
preparing an equal concentration of the anionic drug (ATP) and used polyanion. Only 
polycationic PEI-Mal-C was used for drug loading and release experiments. The chosen 
molar concentration was depending on the molecular weight of the respective monomer 
units (Mwm) of the used polyanion (PA). For HE-NA+, HA-Na+,  PEI-Mal-C and ATP, 
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[393] the Mwm were 332.5 , 365.31 , 29,610 and 507.18 g mol-1, respectively. The 
calculated PC: ATP values in descending arrangement were 1: 35, 1:29, 1:23 1:18, 1:12 
and 1:5, for ATP mass values with descending arrangement 0.6, 0.5, 0.4, 0.3, 0.2 and 0.08 
mg mL-1. 
 
For weak/strong system:  In order to seek for the most equilibrated system the 
highest uptake efficiency, different molar ratios of PA: ATP, 3:1, 1:1, 1:1.3, 1:2, 1:3 were 
prepared.  A fixed mixing ratio of 5:1 was used for both polyelectrolyte (PE) solutions.  
The calculated net w/v concentrations of ATP after being mixed with HE-Na+ (0.143mg. 
mL-1) and complexed with PEI-Mal-C (1mg mL-1) were 0.08, 0.2, 0.3, 0.5 and 0.6 mg mL-
1
. In case of weak/weak system the same procedure has been postulated for ATP molecules 
concentration calculation. In order to seek for the most equilibrated system the highest 
uptake efficiency, different molar ratios of PA: ATP, 7:1, 3:1, 2:1, 1:1, were prepared. The 
calculated net w/v concentrations of ATP after being mixed with HA-Na+ (0.5 mg mL-1) 
and complexed with polycation (0.5 mg mL-1) were 0.1, 0.2, 0.3, and 0.5 mg mL-1.  For 0.6 
mg mL-1 no PEM buildup was achieved. 
 
The release step was established in different immersion solution. For both systems, 
loaded with ATP (PEM/ATP), they were subjected to Millipore water and pure buffer 
HEPES. The complete release was performed in NaCl (0.1M) and HEPES (0.05M) and 
NaCl (0.1M) mixed with ratio (1:1) pH 9, for weak/strong and weak/weak systems, 
respectively. 
 
6.3. Instruments and characterization methods 
6.3.1. Polyelectrolyte titration 
6.3.1.1. Colloid titration (particle charge detector PCD) 
 
The cationic or anionic charge of the polyelectrolyte complex (PEC) particles was 
determined by the particle charge detector (PCD, BTG Mütek GmbH, Herrsching, 
Germany) based on titration with low molecular-weight polyanionic poly(ethylenesulfate) 
(PES) (0.001M) and polycationic poly(diallyldimethyl-ammonium chloride) (PDADMAC) 
(0.001M), respectively, under control of the zetapotential. In a hollow cylinder of 
chemically inert PTFE material a diluted PEC dispersion is exposed to a shear field of a 
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cyclic moving pestle of the same material. Moving of the pestle leads to distortion of the 
counterion cloud of adsorbed particles and potential results. This streaming potential, 
which is measured between two gold contact electrodes, is linearly correlated to the 
zetapotential. It becomes zero in case of charge neutrality. Based on exact charge 
compensation of the PEC particles by the dropwise added PES or PDADMAC solution 
(high ionic activity and pH independence), the titration of the PEC dispersion reveals a 
quantitative and reproducible estimate of the particle charges. Two different experiments 
have been performed to calculate the isoelectric points for polyelectrolyte complex (PEC). 
(i) The first titration was for polyions titration against the PCD standards: PES and 
PDADMAC. (ii) Secondary, to titrate polycations: PEI-Mal-B and PEI-Mal-C against 
polyanions: HE-Na+ and HA-Na+. In all cases 1mg mL-1 as the polyions concentration was 
used. 1mL of the PEI-Mal (1mg mL-1) in addition to 9mL Millipore water was added to 
PCD pulp and whether has been titrated using standard polyanion PES or polyanions HE-
Na+ and HA-Na+.   
 
6.3.1.2. Charge density calculation 
 
Charge densities q (C g-1) of PEI-Mal were determined by PE titration via particle 
charge detector (PCD-03, Mütek, Germany), combined with a 702 SM Titrino (Metrohm, 
Switzerland). 0.001 M Solutions of low molecular weight sodium poly (ethylene sulfonate) 
(PES-Na) or poly (diallyldimethylammonium chloride) (PDADMAC) were used as titrants 
for cationic and anionic systems, respectively. q (C g-1) was calculated according to the 
following equation, represented in Reference [394]: 
 
                                             q = 	 >?@?ABC?.D?@?ABC?D.                                                   Eq. 6-2  
where Ctitrant is the concentration of titrant (meq L-1), Vtitrant is the equivalent titrant volume, 
V is the volume of titrated solution (L) and m is the mass of polyelectrolyte in the titrated 
solution (g L-1). Measurements were performed by Dr. Simona Schwarz. 
 
6.3.1.3. Charge density per macromolecule 
 
Charge density per macromolecule q (e/macromolecule) was calculated according 
to the following equation, represented in Reference [395] : 
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                                                      q = 	 E	.F.GHI                                                        Eq. 6-3 
where q is the charge density of macromolecule (C g-1), M is the molar mass of 
macromolecule, NA is the Avogadro’s constant (6.022 × 1023) (mol-1), and e is the 
elementary charge (electric charge carried on a single proton) (1.602×10-19) (Coulombs). 
 
6.3.2. DLS and zeta potential measurements 
 
Zetasizer  Nano  (Malvern  Instruments/UK)  was  used  for  the  determination  of  
the hydrodynamic diameter of investigated PEI-Mal/polyanion complex. Zetasizer was 
equipped with a 633 nm He/Ne laser and a non-invasive back scatter (NIBS®) technology. 
DLS measurements conditions were 3 × 25 runs per 5 seconds with normal resolution and 
backscatter mode. It was also used for electrophoretic experiments to determine the 
electrophoretic velocity of the complexes.  The complex  velocity  in  an  electric  field,  
using  120 V cm-1,  was  measured  by  laser  Doppler anemometry employing the He/Ne 
laser. The apparent electrokinetic potential (zeta potential,ζ) values were calculated from 
the complex velocity according to the Henry equation (Eq. 6-4), represented in Reference 
[396]: 
 
                                                  μ = 	 ε	ζ	K(L%)η                                                        Eq. 6-4 
 
where ε is the dielectric constant, f(κa) is the Henry’s function, and η is dynamic viscosity  
of the dispersion medium (Pa·s).  Since, the presented measurements had been done in 
aqueous media and moderate electrolyte concentration, f(κa) is 1.5, ε is 78.9 (at 24°C), and 
η is 0.9086 mPa·s (at 24°C). Zetapotential monomodel measurements conditions were 3 × 
50 runs per 5 seconds at 40V. Prior to measurement, samples were filtered with 0.2µm 
Millipore water syringe filter to remove dust particles.  
 
Series of concentration ratios for PEI-Mal and polyanions (HE-Na+ and HA-Na+) 
have been prepared in order to investigate the complex aggregation particle size and their 
isoelectric point. PEI-Mal concentration was 1 mg mL-1. The concentration series was 
mixed with ratio 1:1. For weak/strong system, PEC (PEI-Mal/HE-Na+) was of ratios: 1:0, 
1:1, 2:1, 5:1, 10:1, 20:1 and 0:1. However for weak/weak system, PEC (PEI-Mal/ HA-Na+) 
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was of ratios: 1:0, 1:1, 2:1, 5:1, 10:1, 20:1 and 0:1. DLS and zeta potential measurements 
were carried out by Mrs. Anja Caspari. 
 
6.4. Ellipsometry 
6.4.1. PEM dry, swollen and stability measurements  
 
The determination of PEM thickness (d) and the refractive index (n) of dry and 
swollen states , as well as ATP adsorption was performed by using a multiwavelength 
ellipsometer in the spectral range of 380-900 nm and an incidence angle of 70º [Rotating 
compensator ellipsometer alpha-SE®  (J. A. Woollam Co., Inc)]. n (λ) of the PEM as an 
effective polymer top layer as well as its thickness d were calculated from spectroscopic 
ellipsometry data, amplitute ratio (ψ) and phase difference (∆) obtained by fitting to a 
multilayer box model (Scheme 6-5). For the Si wafers with thermal SiO2 and PEM on top 
a three layer model was used: (Si substrate with Si-SiO2 interface/ thermal SiO2/ polymeric 
PEM film (Scheme 6-5). The refractive index n (λ) of the polymer film was fitted to a two-
parameter Cauchy equation (Eq. 6-5) represented in Reference, [397] : 
 
                                      M	(λ) = N +	OPλ 	                                                 Eq. 6-5 
 
where An and Bn are the Cauchy parameters at an extinction coefficient k=0, for 
nonabsorbing films in applied spectral range. All the refractive index (n) values mentioned 
in this work are presented for λ = 632.8 nm for a better comparison with literature data. 
The dried PEM can be measured directly; however for in-situ swelling special quartz 
cuvettes were used. These cuvettes have an incidence angle of 70° which is analogue to the 
angle of incidence of the light from the ellipsometer. Additionally, the Si wafers were fixed 
with special teflon cuvette holders. PEM thickness was measured in dry and then swelling 
measurements were subsequently made by addition of solutions: Millipore water, PBS 
(0.01M) of pH 7.4 and NaCl (0. 1M). Ambient refractive index of 1.332 for water was 
taken from literature. [398] The ambient refractive indices for all immersion solutions were 
measured by using Digital multiple wavelength refractometer DSR (SCHMIDT + 
HAENSCH GmbH & Co.), the measurements were established in Dr. Klaus-Jochen 
Eichhorn laboratory. Firstly, the dried PEM was measured without and with cuvette. 
Afterwards, 3 mL of one of the three different solutions were added to the PEM fixed in 
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the cuvette and the according swelling was determined for 4 days. For the determination of 
the percent swelling of the PEM with defined number on (PEI(PEI-Mal/HE-Na+)n) 
bilayers, in-situ experiments were performed on the multilayers samples. The percentage 
degree of swelling is defined as (Eq. 6-6), represented in Reference [338]:  
 
;QRSQQ	TU	VWQ11XMR	% = 100	×	 \	]^_``aP	bcdca	\	efg	bcdca\efg	bcdca            Eq. 6-6 
 
where dSwollen state and dDry state are the PEM thickness (nm) in dry and in swollen states, 
respectively.  
 
 
Scheme  6-5. Optical models used for fitting of the ellipsometric data ψ and ∆ to obtain the 
thickness and refractive index of the polymer film thickness. 1- Si substrate, 2-SiO2, 3- 
Cauchy layer for polymer’s PEM film in dry (d and n fit), 4- Cauchy layer for polymer´s 
PEM film in swollen state (d and n fit). 
 
Within all measurements amplitude ratio (ψ) and phase difference (∆) values were 
recorded and later on the thickness d and the refractive index n (as an effective value) of all 
PEM films can be fitted with the described optical model. The resulting mean square errors 
(MSE) and the parameter correlation matrix of the fits were checked and evaluated. As 
expected relatively high MSE (>10) were obtained for some rough PEM surfaces and for 
very thick (d > ~1000nm) or less homogeneous layers. Unfortunately, modifications of the 
optical model and introduction of parameters like surface roughness and thickness non-
uniformity or index gradient as well as effective medium approaches (EMA) were not 
successful because of parameter correlation. 
 
For the recording of the measurements and the fitting of d and n the program 
CompleteEASE version 4.32 was used. Optical model for the evaluation of thickness and 
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refractive index (n) of PEM were used depending on the type of Si-wafer. For samples, Si-
substrates with thermal SiO2 and PEM layer on top following optical box model (Scheme 
6-5) were used: (Si substrate with Si-SiO2 interface /thermal SiO2/polymer PEM film). The 
model for the Si-SiO2 wafers is available as standard model in the CompleteEASE 
software and was used without any modification. [399] 
 
6.5. Atomic force microscopy (AFM) 
 
The AFM measurements of dry samples were done in peak force tapping mode by a 
Dimension Icon® 3100 NanoScope  V  (Bruker-Nano, USA) with a scan rate of 1 Hz and a 
peak force setpoint of 1 nN. Silicon-SPM-sensors BS-Tap300 (BudgetSensors, Bulgaria) 
with spring constant of ca. 40 N m-1 was used; the tip radius was lower than 10 nm.  The 
left part of the images shows the topography and the right one the error signal, where 
structure details can be better seen. All samples were prepared on silicon wafers as a planar 
solid substrate. AFM measurements were carried out by Mr. Andreas Janke.   
 
6.6. In-situ attenuated total reflection-Fourier-transform infrared 
(ATR-FTIR) spectroscopy 
 
In-situ ATR-FTIR spectroscopy was applied to characterize PEM with defined 
numbers on PEI-Mal bilayers in the dry state and in contact to overlaying solutions of 
different ionic strength and pH values, e.g. Millipore water , PBS buffer etc. to determine 
the swelling and stability of PEM. A commercial ATR-FTIR attachment operated by the 
single-beam-sample-reference (SBSR) concept (OPTISPEC, Zürich, Switzerland) was 
used, which in turn record the ATR-FTIR spectra. [400-402]  The ATR-FTIR attachment 
was installed on the IFS 55 Equinox FTIR spectrometer (BRUKER-Optics GmbH, 
Ettlingen Germany) equipped with globar source and highly sensitive mercury cadmium 
telluride (MCT) detector. A transparent in-situ cell (M. Müller, IPF Dresden, Germany) 
was used, which sealed the upper sample (S) half and the lower reference (R) half of the 
Si-IRE by oval O-rings forming S- and R-compartments, respectively, both sections can be 
filled with various aqueous solutions. In this work the PEM were located solely on the S 
half of the Si-IRE and the R half was uncoated. Applying the SBSR concept single channel 
spectra IS,R (ν) can be recorded of separately the S and R half of the Si-IRE, respectively, 
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by guiding one IR beam alternately through these halves. Normalizing the single-channel 
spectra according to the Lambert- Beer law, represented in Reference [403] : 
 
                                    	(ν) = 	− 1TR, h](ν)hi(ν)                                              Eq. 6-7 
 
resulted in absorbance spectra (A(ν)) with proper compensation of the background 
absorptions due to the SiO2 layer, solvent, water vapor (spectrometer) and ice on MCT 
detector window. 
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8. APPENDIX 
 
 
Figure  8-1. 1H NMR spectra of PEI-Mal-B in D2O obtained from educt ratio 1:0.5 (R= 
reductively attached maltose unit). 
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Figure  8-2. DLS and zetapotential measurements showing (a) zetapotential (mV) (b) 
particle size for different mass ratio for the complex PEI-Mal-B and HE-Na+ 
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Figure  8-3. DLS and zetapotential measurements showing (a) zetapotential (mV) (b) 
particle size for different mass ratio for the complex PEI-Mal-C and HE-Na+ 
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Figure  8-4. DLS and zetapotential measurements showing (a) zetapotential (mV) (b) 
particle size for different mass ratio for the complex PEI-Mal-B and HA-Na+ 
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Figure  8-5. DLS and zetapotential measurements showing (a) zetapotential (mV) (b) 
particle size for different mass ratio for the complex PEI-Mal-C and HA-Na+ 
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Figure  8-6. ATR-FTIR measurements for PEM and PEC of  PEI-Mal-B and HE-Na+ 
compare the loaded amount, stability and PE release for PEM of 20 bilayers (PEM-20) 
system with  systems of casted polyelectrolyte complexes (PEC) with different mass ratios. 
PEM: (PEI(HE-Na+/PEI-Mal-B)20) [pink spectrum] and PEC with different mass ratio;  
20:1 [green spectrum], 12:1 [blue spectrum] and 1:1 [black spectrum]. Series of release in 
Millipore-water for 0, 5, 60 and 1440 min have been measured. Experiments have been 
done on the surface Germanium interreflection elements (GE-IREs). Surface activation 
was done by using plasma cleaner for 20 min. The Experiments have been done in Dr. 
Martin Müller’s laboratory. 
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Figure  8-7. AFM thickness measurements are obtained by scratching. The scratch is made 
by hand with a razor blade to remove all the polyelectrolyte multilayer film from an area. 
These scratches are represented by dark valleys in the AFM height images in (a). The 
image in (a), precoating PEI-25k (2mg mL-1) and pH11 prepared in Millipore water. 
Activated silica wafer is immersed in PEI-25k solution for 20 hours.  A dark brown border 
encloses the area where the average cross section was taken. The average cross sections are 
shown in (b). Thickness measurements are made at several points and three samples. 
Examples are indicated by red arrows. The high peaks adjacent to the scratched area in (b) 
represent the buildup of the precoating displaced during scratching. The vertical high is 
measured in a value of 58 nm. These appear as bright areas in (a). (c) Spectrum of AFM 
for the presented scratch. 
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Figure  8-8. AFM thickness measurements are obtained by scratching. The scratch is made 
by hand with a razor blade to remove all the polyelectrolyte multilayer film from an area. 
These scratches are represented by dark valleys in the AFM height images in (a). The 
image in (a), precoating PEI-25k (2mg mL-1) and pH 9.5 adjusted with HCl (0.5M). 
Activated silica wafer is immersed in PEI-25k solution for 20 hours.  A dark brown border 
encloses the area where the average cross section was taken. The average cross sections are 
shown in (b). Thickness measurements are made at several points and three samples. 
Examples are indicated by red arrows. The high peaks adjacent to the scratched area in (b) 
represent the buildup of the precoating displaced during scratching. The vertical high is 
measured in a value of 31 nm. These appear as bright areas in (a). (c) Spectrum of AFM 
for the presented scratch. 
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Figure  8-9.  ATR-FTIR spectra on the consecutive build-up of PEMs of 10 bilayers 
(PEI(HE-Na+/PEI-Mal-C)10) fabricated with Approach C. The building up has been 
performed in a closed in-situ ATR- flow cell system on the surface of silicon internal 
reflection element (Si-IRE) using peristaltic pump at a flow rate of 5mL min-1 for a defined 
number of adsorption steps. Every adsorption step takes 20 min and every rinsing step 
(Millipore water) 1 min.   
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Figure  8-10. AFM topography and amplitude error of PEM (PEI(HE-Na+/PEI-Mal-B)n) 
with 10 and 50 bilayers fabricated with Approach A . (a) and (b): (PEI(HE-Na+/PEI-Mal-
B)10) with film thickness of ∼ 92 nm. (c) and (d) (PEI(HE-Na+/PEI-Mal-B)50) with film 
thickness of ∼165 nm. The root mean square (rms) value for surface roughness is 14 nm 
for (a) and (b), and 6 nm for (c) and (d). Substrate is Si wafer with additional layer of SiO2 
of thickness 27 nm measured by the mean of ellipsometry. 
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Figure  8-11. AFM topography and amplitude error of PEM (PEI(HE-Na+/PEI-Mal-B)n) 
with 10 bilayers fabricated with Approach A . (a) and (b): (PEI/(HE-Na+/PEI-Mal-B)10), 
having islands on the surface of order of 200nm. The root mean square (rms) value for 
surface roughness is 22 nm for (a) and (b). PEM has built-up on a surface of Si-IRE. 
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Figure  8-12. AFM topography and peak force error of PEM (PEI(HE-Na+/PEI-Mal-C)n) 
with 10 and 50 bilayers fabricated with Approach A . (a) and (b): (PEI(HE-Na+/PEI-Mal-
C)10) with film thickness of ∼ 130nm, having islands on the surface of order of 500 nm. (c) 
and (d) (PEI(HE-Na+/PEI-Mal-C)50) with film thickness of ∼1291 nm. The root mean 
square (rms) value for surface roughness is 28nm for (a) and (b), and 2nm for (c) and (d). 
Substrate is Si wafer with additional layer of SiO2 of thickness 27 nm measured by the 
mean of ellipsometry. 
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Figure  8-13. AFM topography and amplitude error of PEM (PEI(HE-Na+/PEI-Mal-B)n) 
with 10 and 50 bilayers fabricated with Approach B . (a) and (b): (PEI(HE-Na+/PEI-Mal-
B)10) with film thickness of ∼ 52 nm. (c) and (d) (PEI(HE-Na+/PEI-Mal-B)50) with film 
thickness of ∼139 nm. The root mean square (rms) value for surface roughness is 20 nm 
for (a) and (b), and 7nm for (c) and (d). Substrate is Si wafer with additional layer of SiO2 
of thickness 27 nm measured by the mean of ellipsometry. 
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Figure  8-14. AFM topography and amplitude error of PEM (PEI(HE-Na+/PEI-Mal-C)n) 
with 10 and 50 bilayers fabricated with Approach B . (a) and (b): (PEI(HE-Na+/PEI-Mal-
C)10) with film thickness of ∼ 42 nm. (c) and (d) (PEI(HE-Na+/PEI-Mal-C)50) with film 
thickness of ∼1149 nm. The root mean square (rms) value for surface roughness is 32 nm 
for (a) and (b), and 1nm for (c) and (d). Substrate is Si wafer with additional layer of SiO2 
of thickness 27 nm measured by the mean of ellipsometry. 
Amplitude error Topography 
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Figure  8-15. AFM topography and peak force error of PEM (PEI(HE-Na+/PEI-Mal-B)n) 
with 10 and 50 bilayers fabricated with Approach C . (a) and (b): (PEI(HE-Na+/PEI-Mal-
B)10) with film thickness of ∼ 102 nm. (c) and (d) (PEI(HE-Na+/PEI-Mal-B)50) with film 
thickness of ∼ 175 nm. The root mean square (rms) value for surface roughness is 36 nm 
for (a) and (b), and 27nm for (c) and (d). Substrate is Si wafer with additional layer of 
SiO2 of thickness 27 nm measured by the mean of ellipsometry. 
a 
b 
c 
d 
Appendix 
220 
 
 
 
Figure  8-16. AFM topography and peak force error of PEM (PEI(HE-Na+/PEI-Mal-C)n) 
with 10 and 50 bilayers fabricated with Approach C . (a) and (b): (PEI(HE-Na+/PEI-Mal-
C)10) with film thickness of ∼ 98 nm. (c) and (d) (PEI(HE-Na+/PEI-Mal-C)50) with film 
thickness of ∼185 nm. The root mean square (rms) value for surface roughness is 18 nm 
for (a) and (b), and 10 nm for (c) and (d). Substrate is Si wafer with additional layer of 
SiO2 of thickness 27 nm measured by the mean of ellipsometry. 
a 
b 
c 
d 
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Figure  8-17. AFM topography of PEM (PEI(HA-Na+/PEI-Mal-C)n) with 10 and 25 
bilayers fabricated with Approach A. (a): (PEI(HA-Na+/PEI-Mal-C)10) with film thickness 
of ∼ 565 nm. (b): (PEI(HA-Na+/PEI-Mal-C)25) with film thickness of ∼1440 nm. The root 
mean square (rms) value for surface roughness is 18 nm for (a), and 1 nm for (b). Substrate 
is Si wafer with additional layer of SiO2 of thickness 27 nm measured by the mean of 
ellipsometry. 
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Figure  8-18. AFM topography of PEM (PEI(HA-Na+/PEI-Mal-C)n) with 10 and 25 
bilayers fabricated with Approach B. (a): (PEI(HA-Na+/PEI-Mal-C)10) with film thickness 
of ∼ 565 nm. (b): (PEI(HA-Na+/PEI-Mal-C)25) with film thickness of ∼1427 nm. The root 
mean square (rms) value for surface roughness is 20 nm for (a), and 5 nm for (b). Substrate 
is Si wafer with additional layer of SiO2 of thickness 27 nm measured by the mean of 
ellipsometry. 
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Figure  8-19. AFM topography of PEM (PEI(HA-Na+/PEI-Mal-C)n) with 10 and 25 bilayers 
fabricated with Approach C. (a): (PEI(HA-Na+/PEI-Mal-C)10) with film thickness of ∼ 223 nm. 
(b): (PEI(HA-Na+/PEI-Mal-C)25) with film thickness of ∼479 nm. The root mean square (rms) 
value for surface roughness is 30 nm for (a), and 10 nm for (b). Substrate is Si wafer with 
additional layer of SiO2 of thickness 27 nm measured by the mean of ellipsometry. 
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Figure  8-20. Figure represents (a) PEM (PEI(HA-Na+/PEI-Mal-C)25) thickness differences ∆d 
(nm) versus bilayers differences (b) Zooming –in for the PEM thickness progression versus 
number of adsorbed bilayers during the fabrication of final PEM (PEI(HA-Na+/PEI-Mal)9) with 9 
bilayers of PEI-Mal-C fabricated by approaches A-C. 
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Table  8-1. Table presents dry and swollen thicknesses for weak/strong system PEM (PEI(HE-
Na+/PEI-Mal-C)50) and weak/weak system PEM (PEI(HA-Na+/PEI-Mal-C)25). Dry state 
thickness: dinitial dry (nm), swollen thickness at 0 hour: dswollen initial, swollen thickness at 96 hour: 
dswollen final, percentage degree of swelling for 0 hour and 96 hours: SD% a) and final dry PEM 
thickness after being immersed in PBS for 96 hours: dfinal dry are presented. PEM has swollen in 
PBS (PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM)). The experiment has been repeated for 
three times. Dry and swollen thicknesses have been monitored at λ = 632.8 nm by ellipsometry.   
 
Weak/strong system 
PEM (PEI(HE-Na+/PEI-Mal-C)50) 
 Dry state Swollen State SD% Dry state 
Approach dinitial dry  
[nm] 
dswollen initial 
[nm] 
dswollen final 
[nm] 
0h 96h dfinal dry 
[nm] 
A 1291 3501 2655 171 106 849 
B 1149 4002 2702 248 135 991 
C 185 309 310 67 68 180 
Weak/weak system 
PEM (PEI(HA-Na+/PEI-Mal-C)25) 
A 1440 2160 2067 50 44 1282 
B 1427 2146 2053 50 44 1256 
C 479 720 730 50 52 480 
 
a)
 Degree of swelling % = 100× (d swollen state – d Dry state)/ (d Dry state) 
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Figure  8-21. In-situ ATR-FTIR spectra of polyelectrolyte multilayers PEM (PEI(HE-Na+/PEI-
Mal)20) with 20 bilayers: (a) Approach A the upper panel is related to PEM with PEI-Mal-B, 
while the lower is to PEM with PEI-Mal-C (b) Approach C for PEM with PEI-Mal-C, showing 
ATR-FTIR spectra in dry (black lines) and wet state after swelling (blue lines-soaked in PBS at 
pH 7.4). The PEM was directly build-up on ATR-FTIR internal reflection crystal. PBS 
concentration: PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM) 
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Figure  8-22. In-situ ATR-FTIR spectra of polyelectrolyte multilayers PEM (PEI(HA-Na+/PEI-
Mal)20) with 20 bilayers for Approach C, showing ATR-FTIR spectra in dry (black lines) and wet 
state after swelling (blue lines-soaked in PBS at pH 7.4). The PEM was directly built-up on ATR-
FTIR internal reflection crystal. PBS concentration: PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM) 
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Figure  8-23.In-situ ATR-FTIR spectra : (a) casting model for HA-Na+ solution of 50ml of 
concentration 0.5 mg mL-1 (b) casting model for PEI-Mal-C solution of 50ml of concentration 
0.5 mg mg-1 (c) free loaded PEM (PEI(HA-Na+/PEI-Mal)20) with 20 bilayers for Approach C, 
showing ATR-FTIR spectra in dry (black lines) and wet state after swelling (blue lines-soaked in 
PBS at pH 7.4). All of the spectra were directly built-up on Ge-IRE.  
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Figure  8-24. ATR-FTIR spectra for (a) ATP, (b) loaded PEM (PEI(HE-Na+/PEI-Mal-C)20) with 
ATP as a model drug and (c) free PEM (PEI(HE-Na+/PEI-Mal-C)20). ATP concentration in all 
cases was 0.5 mg mL-1  
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Figure  8-25. In-situ ATR-FTIR measurements for cyclic upload and release of ATP molecule for 
PEM (PEI(HE-Na+/PEI-Mal-C)20) PEM was subjected to Millipore water as a swelling medium 
followed by ATP addition then the rinsing steps which have been divided into two mediums (i) 
Millipore-water followed by the final rinsing step with (ii)  NaCl (0.1M) solution (pH 6). The 
uptake and the release were done as an in-situ measurements using closed loop mode at a flow 
rate of 5mL min-1, cycle was measured for ∼4 hour.  
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Figure  8-26. Dynamic scan of the experimental ellipsometric parameters, (a) phase difference 
(∆) (b) amplitude ratio for cyclic upload and release of PEM (PEI(HE-Na+/PEI-Mal-C)20), 
swollen and rinsed via Millipore-water (e.g. for λ = 632.8 nm), ATP (c= 0.5 mg mL-1) .  
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Figure  8-27. Dynamic scan of the experimental ellipsometric parameters, (a) phase difference 
(∆) (b) amplitude ratio (ψ) for PEM (PEI(HE-Na+/PEI-Mal-C)20), swollen and rinsed in Millipore 
water (e.g. for λ = 632.8 nm), ATP (c= 0.5 mg mL-1) .   
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Figure  8-28. Dynamic scan of the experimental ellipsometric parameters, (a) phase difference 
(∆) (b) amplitude ratio (ψ) for PEM (PEI(HE-Na+/PEI-Mal-C)20), swollen and rinsed via PBS 
(e.g. for λ = 632.8 nm), ATP (c= 0.5 mg mL-1) . PBS buffer saline is of concentration PO43- 
(0.01M) + NaCl (137 mM)+ KCl (2.7 mM) and pH7.4. 
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Table  8-2. PEM of (PEI(HE-Na+/PEI-Mal-C)20), thickness after the addition of ATPb; thickness 
d (nm) and refractive index n at λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in 
Millipore-water. The experiment has been repeated for three times. 
 
 
a, c
 Swelling and rinsing in Millipore-water, respectively 
b
 ATP addition 
 
Table  8-3. PEM of (PEI(HE-Na+/PEI-Mal-C)20), thickness after the addition of ATPb; thickness 
d (nm) and refractive index n at λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in 
PBS. The experiment has been repeated for three times. PBS buffer saline is of concentration 
PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM) and pH7.4. 
 
 
a, c
 Swelling and rinsing in PBS, respectively 
b
 ATP addition  
  
Conditions  PEM 1 PEM 2 PEM 3 
  d (nm) n d (nm) n d (nm) n 
Dry state 206 1.537 195 1.535 220 1.537 
Swelling a 434 1.467 419 1.401 461 1.398 
ATP b 472 1.468 464 1.488 476 1.388 
Rinse 1 c  478 1.463 460 1.408 473 1.400 
Rinse 2 c 459 1.465 449 1.406 465 1.386 
Rinse 3 c 454 1.465 442 1.413 464 1.345 
Conditions  PEM 1 PEM 2 PEM 3 
  d (nm) n d (nm) n d (nm) n 
Dry state 223 1.504 201 1.512 218 1.525 
Swelling a 397 1.466 400 1.462 401 1.460 
ATP b 541 1.441 539 1.445 535 1.444 
Rinse 1 c  527 1.453 524 1.449 524 1.452 
Rinse 2 c 525 1.462 529 1.460 524 1.459 
Rinse 3 c 529 1.464 515 1.462 529 1.463 
Rinse 4 c 429 1.469 504 1.464 506 1.469 
Rinse 5 c 410 1.466 199 1.465 500 1.461 
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Figure  8-29. In-situ ATR-FTIR measurements for cyclic upload and release of ATP molecule for 
PEM (PEI(HA-Na+/PEI-Mal-C)20) PEM was subjected to Millipore water as a swelling medium 
followed by ATP addition then the rinsing steps which have already divided into two mediums 
Millipore-water followed by the final rinsing step with HEPES buffer (0.05)+ NaCl (0.1M) 
solution (pH 9). The uptake and the release were done as an in-situ measurements using closed 
loop mode at a flow rate of 5ml/min, cycle was measured for ∼4 hour.  
 
  
  
900 cm-1 
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Figure  8-30. Dynamic scan of cyclic upload and release, (a) phase difference (∆) (b) amplitude 
ratio (ψ) for PEM (PEI(HA-Na+/PEI-Mal-C)20), swollen and rinsed via PBS (e.g. for λ = 632.8 
nm), ATP (c= 0.5 mg mL-1) . PBS buffer saline is of concentration PO43- (0.01M) + NaCl (137 
mM)+ KCl (2.7 mM) and pH7.4. 
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Figure  8-31. Thickness traced by ellipsometry for PEM (PEI(HA-Na+/PEI-Mal-C)20), swollen 
and rinsed via Millipore-water (e.g. for λ = 632.8 nm), ATP (c = 0.5 mg mL -1).  
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Figure  8-32. Dynamic scan of the experimental ellipsometric parameters, (a) amplitude ratio (ψ) 
(b) phase difference (∆) for PEM (PEI(HA-Na+/PEI-Mal-C)20), swollen and rinsed via Millipore-
water (e.g. for λ = 632.8 nm), ATP (0.5 mg mL-1) .  
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Figure  8-33. Dynamic scan of the experimental ellipsometric parameters, (a) phase difference 
(∆) (b) amplitude ratio (ψ) for PEM (PEI(HA-Na+/PEI-Mal-C)20), swollen and rinsed via PBS 
(e.g. for λ = 632.8 nm), ATP (c= 0.5 mg mL-1) . PBS buffer saline is of concentration PO43- 
(0.01M) + NaCl (137 mM)+ KCl (2.7 mM) and pH7.4. 
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Table  8-4. PEM of (PEI(HA-Na+/PEI-Mal-C)20), thickness after the addition of ATPb; thickness 
d (nm) and refractive index n at λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in 
Millipore-water. The experiment has been repeated for three times  
 
 
a, c
 Swelling and rinsing in Millipore-water, respectively 
b
 ATP addition 
 
Table  8-5. PEM of (PEI(HA-Na+/PEI-Mal-C)20), thickness after the addition of ATPb; thickness 
d (nm) and refractive index n at λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in 
PBS. The experiment has been repeated for three times. PBS buffer saline is of concentration 
PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM) and pH7.4.  
 
 
a, c
 Swelling and rinsing in PBS, respectively 
b
 ATP addition 
  
Conditions  PEM 1 PEM 2 PEM 3 
  d (nm) n d (nm) n d (nm) n 
Dry state 300 1.553 306 1.535 302 1.551 
Swelling a 558 1.438 545 1.434 544 1.440 
ATP b 410 1.443 403 1.447 409 1.444 
Rinse 1 c  411 1.443 404 1.447 410 1.443 
Rinse 2 c 412 1.442 404 1.446 410 1.443 
Rinse 3 c 412 1.442 405 1.446 411 1.443 
Conditions  PEM 1 PEM 2 PEM 3 
  d (nm) n d (nm) n d (nm) n 
Dry state 300 1.504 304 1.560 303 1.545 
Swelling a 568 1.443 570 1.446 563 1.447 
ATP b 382 1.465 393 1.468 398 1.464 
Rinse 1 c  383 1.463 394 1.463 398 1.464 
Rinse 2 c 384 1.464 394 1.465 399 1.463 
Rinse 3 c 384 1.465 395 1.461 398 1.460 
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Figure  8-34. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.3 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.01 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward uncharged medium. 
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Figure  8-35. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.5 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.01 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward uncharged medium. 
80010001200140016001800
Wavenumber cm-1
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
1.
2
1.
4
Ab
so
rb
an
ce
 
Un
its
a
b
10001200140016001800
Wavenumber cm-1
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
1.
2
1.
4
Ab
so
rb
an
ce
 
Un
its
Appendix 
243 
 
 
Figure  8-36. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.6 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.01 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward uncharged medium.  
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Figure  8-37. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (a) 0.3mg mL-1 (b) 
0.5 mg mL-1, the release step has been done in HEBES buffer (0.01M) and NaCl (0.1M) medium 
mixed with ratio (1:1), one of ATP identified and isolated band at wavelength 900 cm-1, the band 
at which all of integration calculation has been done. 
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Figure  8-38. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HE-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.6 mg mL-1), the 
release step has been done in HEBES (0.01M) buffer and NaCl (0.1M) medium mixed with ratio 
(1:1), one of ATP identified and isolated band at wavelength 900 cm-1, the band at which all of 
integration calculation has been done. 
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Figure  8-39. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.2 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.05 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward uncharged medium.  
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Figure  8-40. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.3 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.05 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward non-charged medium. 
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Figure  8-41. Preloading and release experiments traced by single beam –ATR-FTIR held in open 
holder for PEM (PEI(HA-Na+/PEI-Mal-C/ATP)20). ATP was of concentration (0.5 mg mL-1), the 
release step has been done in (a) Millipore-water (b) HEPES of concentration 0.05 M. The black 
spectrum was for the initial PEM while the red one was after been soaked in the released medium 
for 1 day. The prepared PEM shows high stability toward non-charged medium.  
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Figure  8-42. Release study using single beam ATR-FTIR in open holder, PEM (PEI(HA-
Na+/PEI-Mal-C)20) prepared via Approach C complexed with ATP of concentration(0.2 mg mL-1) 
, the release study was done in HEPES buffer (0.05M) and NaCl (0.1M ) mixed with ratio 1:1 for 
3 days (a) pH 9 (b)  pH 7.4, pH was adjusted using NaOH 0.1M. 
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Figure  8-43. Release study using single beam ATR-FTIR in open holder, PEM (PEI(HA-
Na+/PEI-Mal-C)20) prepared via Approach C complexed with ATP of concentration (0.3 mg mL-
1) , the release study was done in HEPES buffer (0.05M) and NaCl (0.1M) mixed with ratio 1:1 
for 3 days (a) pH 7.4 (b) pH 9, pH was adjusted using NaOH 0.1M. 
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Figure  8-44. Release study using single beam ATR-FTIR in open holder, PEM (PEI(HA-
Na+/PEI-Mal-C)20) prepared via Approach C complexed with ATP of concentration (0.5 mg mL-
1) , the release study was done in HEPES buffer (0.05M) and NaCl (0.1M) mixed with ratio 1:1 
for 3 days (a) pH 7.4 (b) pH 9, pH was adjusted using NaOH 0.1M. 
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Table  8-6. PEM of (PEI(HE-Na+/PEI-Mal-C/ATP)20); ATP 0.5 mg mL-1, thickness d(nm) and 
refractive index n at λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in (i) 
Millipore-water (ii) pure HEPES buffer pH 7.4 (0.01M) (iii) PBS (PO43- (0.01M) + NaCl (137 
mM)+ KCl (2.7 mM) (iv) HEPES (0.01) +NaCl (0.1M) pH 7.4 . All release experiments were 
performed at least in duplicate. 
 
 
Table  8-7. PEM of (PEI(HA-Na+/PEI-Mal-C/ATP)20); thickness d (nm) and refractive index n at 
λ = 632.8 nm from ellipsometry, PEM was swollen and rinsed in (i) Millipore-water (ii) pure 
HEPES buffer pH 7.4 (0.05M) (iii) PBS (PO43- (0.01M) + NaCl (137 mM)+ KCl (2.7 mM)) (iv) 
HEPES (0.05) +NaCl (0.1M) pH 9.  
 
 
a
 ATP 0.3 mg mL -1 
b ATP 0.5 mg mL -1 
 
Submersion medium 
Strat dry  
thickness (0 min) 
 d [nm]          n 
Start swelling  
thickness (0 min) 
 d [nm]        n 
End swelling 
 thickness (1 day) 
d [nm]           n 
End dry 
thickness (1 day) 
d [nm]             n 
 
Millipore water  
 
210 
 
1.551 
 
1670 
 
1.456 
 
1708 
 
1.415 
 
229 
 
1.550 
Pure HEPES (0.01 M)  204 1.553 1325 1.454 1277 1.452 300 1.552 
PBS (pH 7.4)  206 1.547 1536 1.408 1459 1.396 195 1.531 
HEPES+NaCl (pH7.4)  206 1.552 1325 1.497 554 1.459 150 1.461 
 
Submersion medium 
Strat dry  
thickness (0 min) 
 d [nm]          n 
Start swelling  
thickness (0 min) 
 d [nm]        n 
End swelling 
 thickness (1 day) 
d [nm]           n 
End dry 
thickness (1 day) 
d [nm]             n 
Millipore water a 300 1.541 503 1.445 501 1.443 229 1.540 
Pure HEPES (0.05 M) a 303 1.560 525 1.443 526 1.441 300 1.559 
PBS (pH 7.4) a 301 1.553 560 1.434 505 1.424 245 1.531 
HEPES+NaCl (pH9) a 300 1.551 512 1.435 422 1.420 170 1.472 
HEPES+NaCl (pH9) b 302 1.552 562 1.431 387 1.415 150 1.461 
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